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Preface 



Cyanobacteria, also known as blue-green algae, blue-green bacteria or cyanophyta, is a 
phylum of bacteria that obtain their energy through photosynthesis. They are a significant 
component of the marine nitrogen cycle and an important primary producer in many areas of 
the ocean, but are also found in habitats other than the marine environment; in particular, 
cyanobacteria are known to occur in both freshwater and hypersaline inland lakes. They are 
found in almost every conceivable environment, from oceans to fresh water to bare rock to 
soil. Cyanobacteria are the only group of organisms that are able to reduce nitrogen and 
carbon in aerobic conditions, a fact that may be responsible for their evolutionary and 
ecological success. Certain cyanobacteria also produce cyanotoxins. This new book presents a 
broad variety of international research on this important organism. 

Chapter 1 - Photosystem I (PS I) is large pigment-binding multi-subunit protein complex 
essential for the operation of oxygenic photosynthesis. PS I is composed of two functional 
moieties: a functional core which is well conserved throughout evolution and an external light 
harvesting antenna, which shows great variability between different organisms and generally 
depends on the spectral composition of light in specific ecological niches. The core of PS I 
binds all the cofactors active in electron transfer reaction as well as about 80 Chlorophyll a 
and 30 P-carotene molecules. However, PS I cores are organised as a supra-molecular trimer 
in cyanobacteria differently from the monomeric structure observed in higher plants. The 
most diffuse outer antenna structures are the phycobilisomes, found in red algae and 
cyanobacteria and the Light Harvesting Complex I (LHC I) family found in green algae and 
higher plants. Crystallographic models for PS I core trimer of Synechococcus elongatus and 
the PS I-LHC I super-complex from pea have been obtained with sufficient resolution to 
resolve all the cofactors involved in redox and light harvesting reaction as well as their 
location within the protein subunits framework. This has opened the possibility of refined 
functional analysis based on site-specific molecular genetics manipulations, leading to the 
discovery of unique properties in terms of electron transfer and energy transfer reaction in PS 
1. ft has been recently demonstrated that the electron transfer cofactors bound to the two 
protein subunits constituting the reaction centre are active in electron transfer reactions, while 
only one of the possible electron transfer branch is active in Photosystem 11 and its bacterial 
homologous. Moreover, Photosystem 1 binds chlorophyll antenna pigments which absorb at 
wavelength longer than the photochemical active pigments, which are known as red forms. In 
cyanobacteria the red forms are bound to PS 1 core while in higher plants are located in the 
external LHC 1 antenna complexes. Even though the presence of the long-wavelength 
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chlorophyll forms expands the absorption cross section of PS I, the energy of these pigments 
lays well below that of the reaction centre pigments and might therefore influence the 
photochemical energy trapping efficiency. The detailed kinetic modelling, based on a discrete 
number of physically defined compartments, provides insight into the molecular properties of 
this reaction centre. This problem might be more severe for the case of cyanobacteria since 
the red forms, when present, are located closer in space to the photochemical reaction centre. 
In this chapter an attempt is presented to reconcile findings obtained in a host of ultra-fast 
spectroscopic studies relating to energy migration and electron transfer reactions by taking 
into account both types of phenomena in the kinetics simulation. The results of calculations 
performed for cyanobacterial and higher plants models highlights the fine tuning of the 
antenna properties in order to maintain an elevated (>95%) quantum yield of primary energy 
conversion. 

Chapter 2 - The cyanobacterium Spirulina is well recognized as a potential food 
supplement for humans because of its high levels of protein (65-70% of dry weight), vitamins 
and minerals. In addition to its high protein level, Spirulina cells also contain significant 
amounts of phycocyanin, an antioxidant that is used as an ingredient in various products 
developed by cosmetic and pharmaceutical industries. Spirulina cells also produce sulfolipids 
that have been reported to exert inhibitory effects on the Herpes simplex type I virus. 
Moreover, Spirulina is able to synthesize polyunsaturated fatty acids such as glycerolipid y- 
linolenic acid (GLA; Cl 8:3^^’^^’^), which comprise 30% of the total fatty acids or 1-1.5% of 
the dry weight under optimal growth conditions. GLA, the end product of the desaturation 
process in Spirulina, is a precursor for prostaglandin biosynthesis; prostaglandins are 
involved in a variety of processes related to human health and disease. Spirulina has 
advantages over other GLA-producing plants, such as evening primrose and borage, in terms 
of its short generation time and its compatibility with mass cultivation procedures. However, 
the GLA levels in Spirulina cells need to be increased to 3% of the dry weight in order to be 
cost-effective for industrial scale production. Therefore, extensive studies aimed at enhancing 
the GLA content of these cyanobacterial cells have been carried out during the past decade. 

As part of these extensive studies, molecular biological approaches have been used to 
study the gene regulation of the desaturation process in Spirulina in order to find approaches 
that would lead to increased GLA production. The desaturation process in S. platensis occurs 
through the catalytic activity of three enzymes, the A^, and A^ desaturases encoded by the 
desC, desA and desD genes, respectively. According to authors previous study, the cellular 
GLA level is increased by approximately 30% at low temperature (22°C) compared with its 
level in cells grown at the optimal growth temperature (35“C). Thus, the temperature stress 
response of Spirulina has been explored using various techniques, including proteomics. The 
importance of Spirulina has led to the sequencing of its genome, laying the foundation for 
various additional studies. However, despite the advances in heterologous expression 
systems, the primary challenge for molecular studies is the lack of a stable transformation 
system. Details on the aspects mentioned here will be discussed in the chapter highlighted 
Spirulina: Biotechnology, Biochemistry, Molecular Biology and Applications. 

Chapter 3 - Cyanobacteria are prokaryotic oxygen-evolving photosynthetic organisms 
which had developed a sophisticated linear electron transport chain with two photochemical 
reaction systems, PSI and PSII, as early as a few billion years ago cyanobacteria. By 
endosymbiosis, oxygen-evolving photosynthetic eukaryotes are evolved and chloroplasts of 
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the photosynthetic eukaryotes are derived from the ancestral cyanobacteria engulfed by the 
eukaryotic cells. Cyanobacteria employ phycobiliproteins as major light-harvesting pigment 
complexes which are brilliantly colored and water-soluble chromophore-containing proteins. 
Phycobiliproteins assemble to form an ultra-molecular complex known as phycobilisome 
(PBS). Most of the PBSs from cyanobacteria show hemidiscoidal morphology in electron 
micrographs. The hemidiscoidal PBSs have two discrete substructural domains: the peripheral 
rods which are stacks of disk-shaped biliproteins, and the core which is seen in front view as 
either two or three circular objects which arrange side-by-side or stack to form a triangle. For 
typical hemidiscoidal PBSs, the rod domain is constructed by six or eight cylindrical rods that 
radiate outwards from the core domain. The rods are made up of disc-shaped 
phycobiliproteins, phycoerythrin (PE), phycoerythrocyanin (PEC) and phycocyanin (PC), and 
corresponding rod linker polypeptides. The core domain is more commonly composed of 
three cylindrical sub-assemblies. Each core cylinder is made up of four disc-shaped 
phycobiliprotein frimers, allophycocyanin (AP), allophycocyanin B (AP-B) and AP core- 
membrane linker complex (AP-Lcm)- By the core-membrane linkers, PBSs attach on the 
stromal side surface of thylakoids and are structurally coupled with PSII. PBSs harvest the 
sun light that chlorophylls poorly absorb and transfer the energy in high efficiency to PSII, 
PSI or other PBSs by AP-Lcm and AP-B, known as the two terminal emitters of PBSs. This 
directional and high-efficient energy transfer absolutely depends on the intactness of PBS 
structure. For cyanobacteria, the structure and composition of PBSs are variable in the course 
of adaptation processes to varying conditions of light intensity and light quality. This feature 
makes cyanobacteria able to grow vigorously under the sun light environments where the 
photo synthetic organisms which exclusively employ chlorophyll-protein complexes to 
harvesting sun light are hard to live. Moreover, under stress conditions of nitrogen limitation 
and imbalanced photosynthesis, active phycobilisome degradation and phycobiliprotein 
proteolysis may improve cyanobacterium survival by reducing the absorption of excessive 
excitation energy and by providing cells with the amino acids required for the establishment 
of the ‘dormant’ state. In addition, the unique spectroscopic properties of phycobiliproteins 
have made them be promising fluorescent probes in practical application. 

Chapter 4 - Prochloron is an oxygenic photosynthetic prokaryotes that possess not only 
chlorophyll a but also b and lacks any phycobilins. This cyanobacterium lives in obligate 
symbiosis with colonial ascidians inhabiting fropical/subfropical waters and free-living 
Prochloron cells have never been recorded so far. There are about 30 species of host 
ascidians that are all belong to four genera of the family Didemnidae. Asicidian- 
cyanobacteria symbiosis has attracted considerable attention as a source of biomedicals: many 
bioactive compounds were isolated from photosymbiotic ascidians and many of them are 
supposed to be originated from the photosymbionts. Since the stable in vitro culture of 
Prochloron has never been established, there are many unsolved question about the biology 
of Prochloron. Recent genetic, physiological, biochemical, and morphological studies are 
partly disclosing various aspects of its enigmatic life, e.g., photophysiology, metabolite 
synthesis, symbiosis, and evolution. Here, authors fried to draw a rough sketch of the life of 
Prochloron and some related cyanobacteria. 

Chapter 5 - Cyanotoxin contamination in ichthyic fauna is a worldwide occurrence 
detected in small aquacultures and natural lakes, underlying a new class of risk factors for 
consumers. Microcystin contamination in fish tissues is a recent finding in Italian lakes. 
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which monitoring requires fast and precise techniques, easy to perform and able to give 
results in real time. 

Three different ELISA immunoassay kits, LC-MS/MS triple quadrupole, MALDI- 
ToF/MS and LC-Q-ToF-MS/MS techniques were employed to analyze 121 samples of fish 
and crustaceans {Mugil cephaus, Leuciscus cephalus, Carassius carassius, Cyprinus carpio, 
Dicentrarchus labrax, Atherina boyeri, Salmo trutta, Procambarus clarkii) collected in lakes 
Albano, Fiastrone, Ripabianca and, from June 2004 to August 2006 in Massaciuccoli Lake, 
an eutrophic waterbody seasonally affected by blooms of Microcystis aeruginosa, a 
widespread toxic species in Italy. Some of these samples were analysed also by ion trap 
LC/ESI-MS/MS, MALDI-ToF/MS and LC/ESI-Q-ToF/MS-MS, to compare the relative 
potency of different mass spectrometry detectors. 

As a result, 87% of the analyzed extracts of tissues (muscle, viscera and ovary) were 
positive for the presence of microcystins, at concentration values ranging from minimum of 
0.38 ng/g to maximum of 14620 ng/g b.w. In particular, the 95% of viscera samples (highest 
value 14620 ng/g), 71% of muscle samples (max value 36.42 ng/g) and 100% of ovary 
samples (max value 17.1 ng/g) were contaminated. 

Mugil cephalus samples were all positive, showing the highest values, ranging from 393 
ng/g to 14,62 pg/g. 

Some different cooking prescriptions were tested to verify the degradation of 
microcystins in cooking. 

Some discrepancies were observed in the results from different commercially available 
ELISA immunoassay kits; similarly, ELISA test results were from 3 to 8-fold higher than 
concentration calculated by LC-MS/MS analyses. 

The rapid screening and accurate mass-based identification of cyanobacteria biotoxins 
can be easily afforded by MALDI-ToF/MS, spanning over wide molecular mass range, that 
shows the molecular ion signals of the compounds in the sample. Nevertheless, accurate 
structure characterization of all compounds can be attained only studying their own 
fragmentation patterns by LC-Q-ToF-MS/MS. As a matter of fact, this hybrid mass 
spectrometry detector resulted highly sensitive, selective and repeatable in measuring the 
characteristic ions from each cyanotoxin studied; this technique was successfully employed in 
confirming known toxins, as well as in elucidating the molecular structure of several new 
compounds never described previously. On the other hand, ion trap and triple quadrupole LC- 
MS/MS offer high repeatability and sensitivity for identifying targeted known compounds, 
such as some microcystins, but could fail in detecting the presence of structural modified 
derivatives, or less abundant molecules. 

As a result, nowadays it is noteworthy that hybrid MS(MS) detectors giving full details 
about the molecular structure of many different biotoxins represent the most modem approach 
for “profiling” contamination levels and assessing the risk deriving to the consumers, both 
through freshwaters and foods. 

Chapter 6 - Cyanobacteria, sfructurally Gram-negative prokaryotes and ancient relatives 
of chloroplasts, can assist analysis of photosynthesis and its regulation more easily than can 
studies with higher plants. Many genetic tools have been developed for unicellular and 
filamentous strains of cyanobacteria during the past three decades. These tools provide 
abundant opportunity for identifying novel genes; for investigating the sfructure, regulation 
and evolution of genes; for understanding the ecological roles of cyanobacteria; and for 
possible practical applications, such as molecular hydrogen photoproduction; production of 
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phycobiliproteins to form fluorescent antibody reagents; cyanopbycin production; 
polybydroxybutyrate biosynthesis; osmolytes production; nanoparticles formation; mosquito 
control; heavy metal removal; biodegradative ability of cyanobacteria; toxins formation by 
bloom-forming cyanobacteria; use of natural products of cyanobacteria for medicine and 
others aspects of cyanobacteria applications have been discussed in this chapter. 

Chapter 7 - Cyanobacteria are unique in many ways and one unusual feature is the 
presence of a suite of proteins that contain at least one domain with a minimum of eight 
tandem repeated five-residues (Rff) of the general consensus sequence A[N/D]LXX. The 
function of such pentapeptide repeat proteins (PRPs) are still unknown, however, their 
prevalence in cyanobacteria suggests that they may play some role in the unique biological 
activities of cyanobacteria. As part of an inter-disciplinary Membrane Biology Grand 
Challenge at the Environmental Molecular Sciences Laboratory (Pacific Northwest National 
Laboratory) and Washington University in St. Louis, the genome of Cyanothece 51142 was 
sequenced and its molecular biology studied with relation to circadian rhythms. The genome 
of Cyanothece encodes for 35 proteins that contain at least one PRP domain. These proteins 
range in size from 105 (Cce_3102) to 930 (Cce_2929) amino acids with the PRP domains 
ranging in predicted size from 12 (Cce_1545) to 62 (cce_3979) tandem pentapeptide repeats. 
Transcriptomic studies with 29 out of the 35 genes showed that at least three of the PRPs in 
Cyanothece 51142 (cce_0029, cce_3083, and cce_3272) oscillated with repeated periods of 
light and dark, further supporting a biological function for PRPs. Using X-ray diffraction 
crystallography, the structure for two pentapeptide repeat proteins from Cyanothece 51142 
were determined, cce_1272 (aka Rfr32) and cce_4529 (aka Rfr23). Analysis of their 
molecular structures suggests that all PRP may share the same structural motif, a novel type 
of right-handed quadrilateral -helix, or Rfr-fold, reminiscent of a square tower with four 
distinct faces. Each pentapeptide repeat occupies one face of the Rfr-fold with four 
consecutive pentapeptide repeats completing a coil that, in turn, stack upon each other to form 
“protein skyscrapers”. Details of the structural features of the Rfr-fold are reviewed here 
together with a discussion for the possible role of end-to-end aggregation in PRPs. 

Chapter 8 - Cyanobacteria (blue-green algae) are ancient photosynthetic prokaryotes 
which inhabit a wide range of terrestrial and aquatic environments. Under certain aquatic 
conditions, they are able to proliferate to form extensive blooms, scums and mats, particularly 
in nutrient-rich waters which may be used for the preparation of drinking water and for 
recreation, fisheries and crop irrigation. Although not pathogens, many cyanobacteria can 
produce a wide range of toxic compounds (cyanotoxins) which act through a variety of 
molecular mechanisms. Cyanotoxins are predominantly characterised as hepatotoxins, 
neurotoxins and irritant toxins, and further bioactive cyanobacterial metabolites, with both 
harmful and beneficial properties, are emerging. Human and animal poisoning episodes have 
been documented and attributed to cyanotoxins, ranging from the deaths of haemodialysis 
patients in Brazil to a wide range of animal species, including cattle, sheep, dogs, fish and 
birds. Some purified cyanotoxins are classified as Scheduled Chemical Weapons as they are 
among the most toxic naturally-occurring compounds currently known and several countries 
have introduced Anti -Terrorism Legislation to monitor the use and supply of certain purified 
cyanobacterial toxins. A wide range of physico-chemical and biological methods is available 
to analyse the toxins and genes involved in their synthesis, which may be applicable to 
monitoring aspects of cyanobacteria and bioterrorism. 
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Chapter 9 - Available freshwater resources are polluted by industrial effluents, domestic 
and commercial sewage, as well as mine drainage, agricultural run-off and litter. Among 
water pollutants, heavy metals are priority toxicants that pose potential risks to human health 
and the environment. Bacterial bioreporters may complement physical and chemical 
analytical methods by detecting the bioavailable (potentially hazardous to biological systems) 
fraction of metals in environmental samples. Most bacterial bioreporters are based on 
heterotrophic organisms; cyanobacteria, although important primary producers in aquatic 
ecosystems, are clearly underrepresented. In this chapter, the potential use of self-luminescent 
cyanobacterial strains for ecotoxicity testing in aqueous samples has been evaluated; for this 
purpose, a self-luminescent strain of the freshwater cyanobacterium sp. PCC 7120 

which bears in the chromosome a Tn5 derivative with luxCDABE from the luminescent 
terrestrial bacterium Photorhabdus luminescens (formerly Xenorhabdus luminescens) and 
shows a high constitutive luminescence has been used. The ecotoxicity assay that has been 
developed is based on the inhibition of bioluminescence caused by biologically available 
toxic compounds; as a toxicity value, authors have used the effective concentration of each 
tested compound needed to reduce bioluminescence by 50% from that of the control (ECso). 
The bioassay allowed for acute as well as chronic toxicity testing. Cyanobacterial 
bioluminescence responded sensitively to a wide range of metals; furthermore, the sensitivity 
of the cyanobacterial bioreporter was competitive with that of published bacterial 
bioreporters. In contaminated environments, organisms are usually exposed to a mixture of 
pollutants rather than single pollutants. The toxicity of composite mixtures of metals using 
the cyanobacterial bioreporter was tested; to understand the toxicity of metal interactions, the 
combination index Cl-isobologram equation, a widely used method for analysis of drug 
interactions that allows computerized quantitation of synergism, additive effect and 
antagonism has been used. Finally, this study indicates that cyanobacterial-based bioreporters 
may be useful tools for ecotoxicity testing in contaminated environments and that the CI- 
Isobologram equation can be applied to understand the toxicity of complex mixtures of 
contaminants in environmental samples. 

Chapter 1 0 - Microbial mats consist of multi-layered microbial communities organized in 
space as a result of steep physicochemical gradients. They can be found in sheltered and 
shallow coastal areas and intertidal zones where they flourish whenever extreme 
temperatures, dryness or saltiness act to exclude plants and animals. Several metabolically 
active microorganisms, such as photofrophs (i.e., diatoms, cyanobacteria, purple and green 
sulfrjr bacteria) develop in microbial mats together with chemoautofrophic and heterotrophic 
bacteria. 

These communities have been observed to grow in polluted sites where their ability to 
degrade petroleum components has been demonstrated. Furthermore, several investigations 
have attributed to cyanobacteria an important role in the biodegradation of organic pollutants. 
Nevertheless, it is still a matter of discussion whether cyanobacteria can develop using crude 
oil as the sole carbon source. In an attempt to evaluate their role in hydrocarbon degradation 
authors have developed an illuminated packed tubular reactor filled with perlite soaked with 
crude oil inoculated with samples from Ebro Delta microbial mats. A continuous stream of 
nutrient-containing water was circulated through the system. Crude oil was the only carbon 
source and the reactor did not contain inorganic carbon. Oxygen tension was kept low in 
order to minimize possible growth of cyanobacteria at the expense of CO 2 produced from the 
degradation of oil by heterotrophic bacteria. Different microorganisms were able to develop 
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attached to the surface of the filling material, and analysis of microbial diversity within the 
reactor using culture-independent molecular techniques revealed the existence of complex 
assemblages of bacteria diverse both taxonomically and functionally, but cyanobacteria were 
not among them. However, cyanobacteria did grow in parallel oil-containing reactors in the 
presence of carbonate. 

Chapter 1 1 - In cyanobacteria, bioluminescence reporters have been applied to the 
measurement of physiological phenomenon, such as in the study of circadian clock and 
nitrite, ferric, and light responses. Cyanobacterial researchers have so far used several types 
of bioluminescence reporter systems — consisting of luminescence genes, genetically tractable 
host cells, and a monitoring device — because their studies require a method that offers gene 
expression data with high fidelity, high resolution for time, and enough dynamic range in data 
collection. In addition, no extraction of the products of the reporter gene from the culture is 
required to measure the luminescence, even in the living cell. In this chapter, applications 
using the bioluminescence genes luxAB (and luxCDE for substrate production) and insect 
genes are introduced. For measurement and imaging, general apparatuses, such as a 
luminometer and a luminoimager, have been used with several methods of substrate 
administration. Automated bioluminescence monitoring apparatuses were also newly 
developed. The initial machine was similar to that used to measure the native circadian 
rhythms in bioluminescence of the marine dinofiagellate Gonyaulax polyedm. Then, the 
machine with a cooled CCD camera which was automatically operated by a computer was 
used to screen mutant colonies representing abnormal bioluminescence profile or level from a 
mutagen-treated cyanobacterial cell with a luxAB reporter. Recently, different two promoter 
activities could be examined in the same cell culture and with the same timing by using 
railroad-worm luciferase genes. The bioluminescence rhythm monitoring technology of the 
living single-cell in micro chamber was developed. These might expand authors knowledge to 
understand other cyanobacterial fields and microorganisms. Here, authors provide a guide on 
the genes, the targeting loci in the genome, the apparatus and machines, and the studies 
utilizing the bioluminescence. 

Chapter 12 - The human heath risk potential associated with the presence of 
cyanobacteria and cyanotoxins in water for human consumption has been evaluated. This risk 
is related to the potential production of taste and odour compounds and toxins by 
cyanobacteria, which may cause severe liver damage, neuromuscular blocking and are tumour 
promoters. Therefore, its presence in water, used for drinking water production and/or 
recreational activities, even at low concentrations, has particular interest to the water 
managers due to the acute toxicity and sublethal toxicity of these toxins, and may result in 
necessity of upgrading the water treatment sequences. 

The need for risk management strategies to minimize these problems has been recognised 
in different countries. One of these strategies could pass through the implementation of a safe 
treatment sequence that guarantees a good drinking water quality, removing both 
cyanobacteria and cyanotoxins, despite prevention principle should be the first applied. 

This work is a contribution for the development of one of these sequences, based on the 
removal of intact cyanobacteria and cyanotoxins from drinking water, minimising (or even 
eliminating) their potential heath risk. The sequence proposed is dissolved air flotation (DAF) 
and nanofilfration: DAF should profit the flotation ability of cyanobacteria and remove them 
without cell lysis, i.e. without releasing the cyanotoxins into the water; nanofilfration should 
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remove the cyanotoxins present in water (by natural and/or induced release) down to a safe 
level for human supply. 

Results indicated that DAF — nanofiltration sequence guaranteed a full removal of the 
cyanobacterial biomass (100% removal of chlorophyll a) and the associated microcystins. 
Microcystin concentrations in the treated water were always under the quantification limit, 
i.e. far below the World Health Organization (WHO) guideline value of 1 pg/L for 
microcystin-LR in drinking water. Therefore, this sequence is a safe barrier against M. 
aeruginosa and the associated microcystins variants in drinking water, even when high 
concentrations are present in raw water, and nanofiltration water recovery rates as high as 
84% could be used. In addition, it ensures an excellent control of particles (turbidity), and 
disinfection by-products formation (very low values of DOC, UV 254 nm and SUVA were 
achieved), as well as other micropollutants (above ca. 200 g/mol, e.g. anatoxin-a) that might 
be present in the water. 

Chapter 1 3 - Cyanobacteria grow by photosynthesis, and essentially contain chlorophyll 
and various carotenoids whose main functions are light-harvesting and photoprotection. In 
this chapter, authors have summarized carotenoids, characteristics of carotenogenesis 
enzymes and genes, and carotenogenesis pathways in some cyanobacteria, whose carotenoids 
and genome DNA sequences have both been determined. Cyanobacteria contain various 
carotenoids: P-carotene, its hydroxyl or keto derivatives, and carotenoid glycosides. Both 
ketocarotenoids, such as echinenone and 4-ketomyxol, and the carotenoid glycosides, such as 
myxol glycosides and oscillol diglycoside, are unique carotenoids in phototrophic organisms. 
Some cyanobacteria contain both unique carotenoids, while others do not contain such 
carotenoids. From these findings, certain carotenogenesis pathways can be proposed. The 
different compositions of carotenoids might be due to the presence or absence of certain 
gene(s), or to different enzyme characteristics. For instance, two distinct p-carotene 
hydroxylases, CrtR and CrtG, are bifunctional enzymes whose substrates are both p-carotene 
and deoxymyxol, and substrate specificities of CrtR vary across species. Two distinct p- 
carotene ketolases, CrtO and CrtW, are found only in the first group and properly used in two 
pathways, P-carotene and myxol, depending on the species. At present, the number of 
functionally confirmed genes is limited, and only a few species are examined. Therefore, 
further studies of carotenoids, characteristics of carotenogenesis enzymes and genes, and 
carotenogenesis pathways are needed. 

Chapter 14 - Cyanobacteria are renowned for the biosynthesis of a range of natural 
products. In comparison to the bioactives produced by non-ribosomal peptide synthetase and 
polyketide synthase systems, the hapalindole family of hybrid isoprenoid-indole alkaloids has 
received considerably less attention. It has been proposed that these natural products, the 
indole alkaloids, are constructed by a pathway of mono functional enzymes. This chapter will 
specifically discuss the hapalindole family of alkaloids isolated exclusively from the Group 5 
cyanobacteria. Structural diversity within this family correlates with a wide range of 
bioactivities. However, despite the wide variety of structures related to the hapalindoles, their 
biosynthesis is proposed to occur via a common pathway. Structural diversification of the 
natural products is proposed to have occurred as a result of evolution of biosynthetic enzymes 
in Nature and thus will provide insights into how these and related enzymes may be 
engineered in the laboratory. In this chapter authors will focus on aspects of hapalindole 




Preface 



XV 



structural diversity, proposed biosynthetic pathways, known bioactivities, and the potential 
for bioengineering of this unique natural product class. 

Chapter 1 5 - This paper briefly examines the future prospects for the economical viability 
of large-scale renewable energy production using maricultured cyanobacteria. In order to 
reduce CO 2 emissions from burning fossil fuels in appreciable amounts, the replacement 
energy source will by necessity be substantial in scale. Solar energy is the most likely 
candidate because the amount of solar energy received on the Earth's surface is vast and 
exceeds the anthropogenic primary energy use by more than 6,000 times. Although solar 
energy is abundant, its economical utilization is not straightforward because the intensity 
received on the surface of the earth is relatively low. Current research and development 
efforts are focused on the production of biofuels as renewable, economical feasible energy 
sources from the land biomass. The authors propose, however, for reasons of scale and to 
minimize further environmental harm, that the utilization of the sea surface is a more viable 
alternative to land biomass exploitation. The sea surface area available for energy production 
far exceeds available cropland and use of the sea will not take valuable cropland out of food 
production. The authors current R & D strategy utilizes photosynthesis and the nitrogenase 
enzyme of cyanobacteria. The biological basis of relevant energy metabolism in 
cyanobacteria is briefly described. A model for future H 2 production systems is presented, 
and a very rough trial calculation of the cost of photobiological H 2 production is made in the 
hope that it may help the readers recognize the possibilities of large-scale H 2 production and 
understand the need for the research and development. 

Chapter 16 - Marine microbial symbionts represent a hotspot in the field of marine 
microbiology. Marine plants and animals, such as sponge, sea squirt, worm, and algae host 
symbiotic cyanobacteria with great diversity. Most of the symbiotic cyanobacteria are host- 
specific and can be fransmiffed direcfly from parenf fo offspring. Symbiotic cyanobacferia 
play an importanf role in nifrogen fixation, nufrifion and energy tiansfer and are possible frue 
producers of bioacfive marine nafural producfs. Though diverse cyanobacferia have been 
revealed by culfure-independent mefhods, the isolation and culture of symbiotic 
cyanobacteria is a challenge. In this chapter, the advances in diversity, transmission, 
symbiotic relationship with the host, isolation and natural products of marine symbiotic 
cyanobacteria are reviewed. 

Chapter 17 - Previous research has discovered that pesticides which generate reactive 
oxygen species (ROS), such as the bipyridilium herbicides diquat and paraquat, and certain 
natural compounds (e.g., quinones) are selectively toxic towards undesirable species of 
cyanobacteria (blue-green algae) (division Cyanophyta) compared to preferred green algae 
(division Chlorophyta) commonly found in channel catfish {Ictalums punctatus) aquaculfure 
ponds. In this study, the antioxidant enzyme activities of the green alga Selenastrum 
capricomutum and the cyanobacteria Planktothrix agardhii, Planktothrix perornata, and 
Raphidiopsis brookii, previously isolated from catfish aquaculture ponds in west Mississippi, 
were measured to help determine the cause for the selective toxicity of ROS -generating 
compounds. Enzyme assays were performed using cells from separate continuous culture 
systems to quantify and correlate the specific enzyme activities of superoxide dismutase, 
catalase, ascorbate peroxidase, and glutathione peroxidase relative to the protein content of 
the cells. The cyanobacteria used in this study have significantly lower specific activities of 
superoxide dismutase, catalase, and ascorbate peroxidase when compared to S. 
capricomutum. Glutathione peroxidase activity was not detected in these cyanobacteria or S. 
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capricomutum. The deficiency of measured antioxidant enzyme activities in the test 
cyanobacteria is at least one reason for the selective toxicity of ROS-generating compounds 
towards these cyanobacteria compared to S. capricomutum. 

Chapter 18 - Cyanobacteria produce numerous bioactive compounds including vitamin 
Bi 2- Corrinoid compound found in various edible cyanobacteria {Spirulina sp., Nostoc sp., 
Aphanizomenon sp., and so on) were identified as pseudovitamin ( 7 -adeninyl cobamide), 
which is inactive for humans. Edible cyanobacteria are not suitable for use as a vitamin B12 
source, especially in vegetarians. 

Analysis of genomic information suggests that most cyanobacteria can synthesize the 
corrin ring, but not the 5 ,d-dimethylbenzimidazolyl nucleotide moiety in vitamin B12 
molecule. Therefore, the bacterial cells would construct a corrinoid compound as 
pseudo vitamin B12 by using a cellular metabolite, adenine nucleotide. Pseudo vitamin B12 
appears to function as coenzymes of cobalamin-dependent methionine synthase or 
ribonucleotide reductase (or both). 
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Abstract 

Photosystem I (PS I) is large pigment-binding multi-subunit protein complex 
essential for the operation of oxygenic photosynthesis. PS I is composed of two 
functional moieties: a functional core which is well conserved throughout evolution and 
an external light harvesting antenna, which shows great variability between different 
organisms and generally depends on the spectral composition of light in specific 
ecological niches. The core of PS I binds all the cofactors active in electron transfer 
reaction as well as about 80 Chlorophyll a and 30 P-carotene molecules. However, PS I 
cores are organised as a supra-molecular trimer in cyanobacteria differently from the 
monomeric structure observed in higher plants. The most diffuse outer antenna structures 
are the phycobilisomes, found in red algae and cyanobacteria and the Light Harvesting 
Complex I (LHC I) family found in green algae and higher plants. Crystallographic 
models for PS I core trimer of Synechococcus elongatus and the PS I-LHC I super- 
complex from pea have been obtained with sufficient resolution to resolve all the 
cofactors involved in redox and light harvesting reaction as well as their location within 
the protein subunits framework. This has opened the possibility of refined functional 
analysis based on site-specific molecular genetics manipulations, leading to the discovery 
of unique properties in terms of electron transfer and energy transfer reaction in PS I. It 
has been recently demonstrated that the electron transfer cofactors bound to the two 
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protein subunits constituting the reaction centre are active in electron transfer reactions, 
while only one of the possible electron transfer branch is active in Photosystem II and its 
bacterial homologous. Moreover, Photosystem I binds chlorophyll antenna pigments 
which absorb at wavelength longer than the photochemical active pigments, which are 
known as red forms. In cyanobacteria the red forms are bound to PS I core while in 
higher plants are located in the external LHC I antenna complexes. Even though the 
presence of the long-wavelength chlorophyll forms expands the absorption cross section 
of PS I, the energy of these pigments lays well below that of the reaction centre pigments 
and might therefore influence the photochemical energy trapping efficiency. The detailed 
kinetic modelling, based on a discrete number of physically defined compartments, 
provides insight into the molecular properties of this reaction centre. This problem might 
be more severe for the case of cyanobacteria since the red forms, when present, are 
located closer in space to the photochemical reaction centre. In this chapter an attempt is 
presented to reconcile findings obtained in a host of ultra-fast spectroscopic studies 
relating to energy migration and electron transfer reactions by taking into account both 
types of phenomena in the kinetics simulation. The results of calculations performed for 
cyanobacterial and higher plants models highlights the fine tuning of the antenna 
properties in order to maintain an elevated (>95%) quantum yield of primary energy 
conversion. 



1. Introduction 

Photosystem I (PS I) is a transmembrane macromolecular complex which is ubiquitous 
and essential for oxygen evolution in photosynthetic organisms, even though it does not 
catalyse the water splitting reaction directly. In eukaryotic organisms, such as higher plants 
and green algae, PS I is localised in the thylakoid membrane of the chloroplast, together with 
the other complexes active in photosynthetic electron transfer reactions. In prokaryotes, such 
as cyanobacteria, PS I and the other photosynthetic complexes are localised in specialised 
regions of the plasma membrane which are also, for analogy with eukaryotes, called 
thylakoids, but lack the characteristic morphological structure of the latter. 

Functionally and structurally PS I can be considered as being composed of two moieties, 
the core and the external antenna. The core is composed of 12 to 13 different polypeptides, 
the specific number varying from species to species (Scheller et al. 2003, Jansen et al., 2001). 
The subunits which have higher molecular weights, and are the gene products of psaA and 
psaB, form a heterodimer which binds a host of other co factors including approximately 100 
Chlorophyll (Chi) a, 30 13-carotene molecules, two phylloquinone molecules, a [4Fe-4S] iron- 
sulphur clusters (Jordan et al. 2001, Ben Shem et al. 2003). Two other [4Fe-4S] clusters are 
bound to the PsaC subunit which is evolutionarily related to the class of bacterial Ferredoxin 
(Antonkine et al. 2003). The majority of pigments bound to the core have light harvesting 
function, and are referred to as core antenna or inner antenna. A cluster of 6 Chi a molecules, 
one of which was suggested to be the 13’-epimer (Chi a’), functions as the photochemical 
catalytic centre, and comprises the primary electron donor and electron acceptor(s). 
Crystallographic model of PS I cores based on X-ray diffraction data have been presented 
both for cyanobacterial (Jordan et al. 2001) and a higher plant system (Ben-Shem et al. 2003). 
The comparison of the two crystallographic models (comparisons are shown in figures 1 and 
2) does not highlight differences in the organisation and specific binding site of the putative 
electron transfer cofactors. Thus the structural organisation of the redox active species is not 
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influenced by species-specific differences in so-called minor subunits composition. 
Nevertheless, there is a major structural difference between higher plants and cyanobacterial 
PS I; while in the former the photosystem are monomeric (Scheller et al. 2003, Jansen et al., 
2001), i.e. composed of a single core unit, in the latter, the most abundant form is a trimer of 
monomers (Kruip et al. 1994, Karapetian et al. 1997, Jordan et al. 2001, Fromme et al. 2001). 
The presence of PS I monomers in cyanobacteria is also discussed, and it is possible that, in 
vivo, a functional equilibrium between the two type of superstructures exists which might be 
mediated by growing conditions or other environmental stimuli (Kruip et al. 1 994). While the 
structural organisation of the redox centres is virtually identical in the structures obtained 
from Pisum sativus and Synechococcus elongatus differences emerge when comparing the 
positioning of inner antenna pigments (Jordan et al. 2001, Ben-Shem et al. 2003). This has 
been discussed in terms of the spectroscopic properties of the isolated complexes, which are 
markedly different, especially in relation to the absorption and fluorescence emission spectra 
(for recent reviews see Gobets and van Grondelle 2001, Melkozemov 2001). 




14 

Figure 1. Comparison of the erystallographie model obtained in S. elongatus (Jordan et al. 2001) and 
Pea (Ben-Shem et al. 2003). The view is perpendieular to the membrane plane. A: S. elongatus model is 
shown the protein arrangements together with all the bound eofaetors. B; Pea PS 1 model showing the 
bound Chlorophyll and the red-ox aetive eofaetors only. Gold, inner antenna ehlorophyll. Orange, Blue, 
Crimson and Green, Chi a and Chi b moleeules bound to eaeh of the individual LHC I eomplexes; red, 
electron transfer chains. Yellow-Violet, iron-sulphur clusters Fx, Fa and Fb 
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Figure 2. View of the bound Chlorophylls to the Pea PS I:LHC I super-eomplex from the top of the 
membrane. The colour code is the same as described in the legend of Figure 1. 

At odd with the high conservation of structural motifs and cofactor binding observed in 
the core, the external antenna displays great variability. In higher plants and green algae, the 
distal antenna is composed of transmembrane Chi a/b binding proteins, which collectively are 
referred to LHC I (reviewed by Janson 1994, Croce et al. 2002). The crystallographic model 
obtained in Pea PS I indicates the binding of four LHC I monomers, which are the gene 
product of a heterogeneous gene family known as Ihc a, per core (Ben-Shem et al. 2003). 
However, biochemical data suggest the presence of up to eight LHC I monomers per 
photosystem (Croce et al. 1996). LHC I complexes are organised as two heterodimer, 
individuated as Ihca 1-4 and Ihca 2-3, both in the X-ray structure (Ben-Shem et al. 2003) and 
biochemical studies (Janson et al. 1996). Cyanobacteria posses a water soluble antenna, the 
phycobilisome, in place of the transmembrane LHC as the external antenna. Phycobilisome is 
a large structure located on top of the thylakoids membrane (reviewed in detail Glazer, 1982, 
1985, 1989, McColl 2004). Differently from LHC complexes, the phycobiliprotein binds the 
chromophores, which are open tetrapyrrole, covalently. Moreover, the pigments are organised 
in a hierarchic structure so that chromophore absorbing at higher energy (phycocyanin and 
phycoeritrin) are located at the periphery of the complex, while those absorbing at lower 
energy (allophycocyanin) build up the phycobilisome core (Glazer, 1982, 1985, 1989, McColl 
2004). In addition to pigment-binding subunits, the phycobilisome contains a number of so- 
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called linker proteins which have principal structural function. An exception to this general 
rule are the so-called colour linkers (Lem), which are associated with the phycobilisome core, 
and bind the lower energy chromophore in the antenna structure. It has been suggested that 
the colour linker might represent both a functional and structural connection between the 
external antenna and the core of the reaction centre. In general phycobiliosome are considered 
as an antenna serving principally Photosystem II (Glazer, 1982, 1985, 1989, McColl 2004). 
Nevertheless, an association of this antenna to the reaction centre of PS I is also possible, 
particularly under conditions promoting a high level of reduction of the inter-chain electron 
mediator plastoquinone, or strongly unbalanced excitation between the two photochemical 
centres (reviewed by Biggins and Bruce 1989, Allen 1992, Wollman 2002). 

It is well established that when monitoring the fluorescence emission of intact 
photosynthetic organism, such as leaves, cell suspensions of green, red algae or unicellular 
cyanobacteria, a complex spectrum is observed with maxima at ~690 nm and ~730 nm, which 
were shown to originate from PS II and PS I complexes respectively (Cho and Govindjee 
1970a, 1970b, 1970C, Kitajima and Butler 1975, Butler and Kitajima 1975, Strasser and 
Butler 1977, Rijgersberg and Amesz 1978, Rijgersberg et al. 1979). The maximal of PS I 
emission in vivo display some species-dependent variability, so that in higher plant systems 
the maximum is observed at 730-740 nm (Kitajima and Butler 1975, Butler and Kitajima 
1975, Strasser and Butler 1977, Rijgersberg and Amesz 1978, Rijgersberg et al. 1979), while 
in the most common laboratory grown cyanobacterial strains (i.e. Synechocystis sp. PCC 
6803, Synechococcus sp. PCC 7902) the maximum is observed at 720-725 nm (e.g. Cho and 
Govindjee 1970c, Rijgersberg and Amesz 1980). In other common eukaryotic unicellular 
model organism, such red and green algae the maximum is also observed in the 715-725 nm 
interval (e.g. Cho and Govindjee 1970a, 1970b). Improvement in the biochemical 
purifications of LHC I and core complexes from higher plants (Croce et al. 1996, Croce et al 
1998, Engelmann et al 2006) demonstrated that the Chlorophyll responsible for long 
wavelength emission at low temperature are associated with the outer antenna complexes, the 
LHC I pool (Croce et al 1998, Ihalainen et al. 2000), and in particular with the gene product 
Ihca 4 (Zucchelli et al. 2005, Gibasiewicz et al. 2005, Croce et al. 2008). The long 
wavelength emission is due to special pools of chlorophyll which absorb at wavelengths 
longer than the reaction centre complexes, and are often referred to as “red-forms” because of 
the spectral shift towards longer absorption wavelengths. In LHC-I complexes, at least two 
pigments pools are responsible for the low wavelength emission, generally referred to Fyo 
and F 730 based on the maximum of the fluorescence spectrum (Ihalainen et al. 2000, Zucchelli 
et al. 2005, Gibasiewicz et al. 2005, Croce et al. 2008). In isolated LHC I complexes, such 
red shifted emission is also observed at room temperature (Croce et al. 1998, Jennings et al. 
2003a, Zucchelli et al. 2005). The blue shifted emission of green algae, such as 
Chlamydomonas reinhardtii, is related to the absence of the F 730 Chi pool in the LHC I 
complexes of this organism (Bassi et al. 1992) and probably the same scenario is true for 
Chlorella. The core complex isolated from higher plants is virtually devoid of “red-form” and 
shows a fluorescence emission maximum at about 685 nm but an intense shoulder peaking at 
~7 15-720 nm is also visible, at room temperature (Croce et al. 1998, Engelmann et al. 2006). 
Part of this emission likely originates from the chlorophyll composing the reaction centre, but 
it is possible that a small fraction of relatively less shifted red-forms is still present in the core 
(Ihalainen et al. 2005). Since cyanobacteria and red algae do not posses an LHC I antenna, 
the emission has to originate from the PS I core complex. This is clearly a major difference in 
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respect to higher plants, relating to energy transfer properties of eukaryotes and prokaryotes. 
The precise wavelength and stoichiometric abundance as well as the specific spectroscopic 
characteristics of “red-chlorophyll pigments” in PS I the core of cyanobacteria are also highly 
species dependent (Van der Lee et al. 1993, Turconi et al. 1996, Gobets et al. 1994, Palsson 
et al. 1998, Ratsep et al. 2000, Gobets and van Grondelle 2001, Gobets et al. 2001, 
Zazubovic et al. 2002), and in general a function of the oligomer state of the complex (Shubin 
et al. 1992, Palsson et al.l998, Karapetyan et al. 1999). The most impressive red-shift is 
observed in the trimeric core complex isolated from Spirulina platensis which has a maximal 
absorption at ~720 nm and emission near 755 nm (Shubin et al. 1991, Karapetyan et al. 
1999). However the maximal absorption and emission are shifted by ~10-15 nm in the 
monomeric core of the same organism (Shubin et al. 1991, Karapetyan et al. 1999). Similar 
shifts have been observed in core complexes from Synechocystis sp. 6803 and S. elongatus. 
Hole burning (Ratsep et al. 2000, Zazubovic et al. 2002, Hsin et al. 2004) and site-selected 
fluorescence (Van der Lee et al. 1993, Gobets et al. 1994) studies indicate the general 
presence of at least two red chlorophyll pools in the core, one of which having a maximum at 
708-710 nm, found in almost all the purified complexes, that might represent the residual 
fraction of red-forms in higher plants core complexes (Ihalainen et al. 2005a, 2005b, 2007). 
The absorption of the second pool of “red form”, which is generally more red-shifted, varies 
largely in the 710-735 nm range, and it is the principal responsible for the low temperature 
emission observed in vivo. The physiological role of this red emission forms has puzzled 
investigators since their original observation. Mukerji and Sauer (1989) suggested that they 
might serve to “funnel” the excitation energy toward the reaction centre pigments. However, 
successive investigations demonstrated that they actually have an opposite effect as they limit 
the photochemical efficiency of the system because of the thermally activated transfer from 
these low energy pigments to the reaction centre (Jennings et al. 2003b, 2003b, 2004). This 
results in a marked temperature dependence of the energy conversion by primary 
photochemistry. The most eco-physiologically sound explanation for the role of the red forms 
has been provided by Rivadossi et al. ( 1 999) which pointed out that, as the proportion of far- 
red enriched light increases dramatically though a canopy of vegetation, due to absorption of 
upper leaves in the up-most levels, they would contribute significantly to the overall PS I 
photon absorption, despite the low number of Chi molecules constituting the red chlorophyll 
pool. Those are also conditions of limiting light regimes because the leaves absorption is 
extremely large. The same reasoning can be straightforwardly extended to unicellular 
organisms living in dense cultures as they would face the same “far-red” enhancement 
through the cultures layer. 



Electron Transfer Chain 

The electron transfer chain has a C 2 symmetry axis, perpendicular to the plane of the 
membrane. The cluster of pigments assigned to the reaction centre is relatively spatially 
separated from the other antenna Chi (average distance 18 A). The photochemical reaction 
centre appears to be composed of three Chi a pseudo-dimers. One is located at the interface of 
PsaA:PsaB, it is parallel to the symmetry axis, contains the Chi a' epimer and is generally 
assigned to the pigments on which the (meta)-stable radical cation produced by charge 
separation, Pyoo^ sit. The name P 700 arises from a peak in the difference [P 700 -P 700 ] spectrum 
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(Kok 1956, Doring et al. 1968) . In the structural studies the Chi a and Chi a' composing P 700 
are called eCiA and eCjB (Jordan et al. 2001). The other two dimers are composed of the 
eC 2 A/eC 3 A and eC 2 B/eC 3 B- Chl(s) eC 2 are often referred to as “accessory” chlorophyll, because 
they were resolved in the structure, but not functionally by spectroscopic investigation, while 
eC 3 is often referred to as Aq which represents the first electron acceptor observed by 
spectroscopic methods. The kinetics of Aq reduction, which are often discussed in terms of 
primary charge separation, take place in less then ten picoseconds (Shuvalov et al. 1979, 
Nuijs et al. 1987, Wasilievski et al. 1987, Mathis et al. 1988, Breftel and Vos 1999, Hecks et 
al. 1994, Hastings et al. 1994, Kumazaki et al. 1994, Savikhin et al. 2000, Turconi et al. 
1996, Gobets and van Grondelle 2001), with limits up to ~1 ps discussed in the literature 
(Beddard 1998). The eC 3 (Aq) chlorophylls are adjacent to a phylloquinone molecule (Aj) 
which acts as a successive electron transfer intermediate (e.g. Rustandi et al. 1990, Snyder et 
al. 1991, Breftel and Golbeck 1996, Setif and Breftel 1993, Rigby et al. 1996). The binding 
site of Al is very similar, either in the PsaA or the PsaB subunit (Jordan et al. 2001). The 
naphtone ring of the molecule is stacked to the side chain of a tryptophan residue (PsaA- 
W697, PsaB-W677, S. elongatus numbering). Only one of the keto-carbonyl oxygen appears 
to be hydrogen bonded by the peptide bond involving PsaA-Leu722 (PsaB-718). The 
successive electron acceptor is the [4Fe-4S] cluster, Fx (e.g. Evans and Cammack 1975, 
Evans et al. 1978, Golbeck et al. 1978, McDermott et al. 1989), which is, as P 700 , bound at 
the interface of the PsaA:PsaB protein hetero-dimer. The terminal iron-sulphur clusters Fa 
and Fb, which operates in series, are not bound by PsaA:PsaB but by the PsaC subunit. 

The phylloquinones (Ai) are reduced very rapidly to the phyllosemiquinone radical form 
in about 20-40 ps (e.g. Breftel and Vos 1999, Hecks et al. 1994, Breftel 1997, Santabarbara et 
al. 2005a). Oxidation of the ionic radical displays polyphasic kinetics with characteristic 
lifetimes of about ~20 ns and ~200 ns. Breftel and coworkers (Breftel 1 997, Schlodder et al. 
1998) initially suggested that the observed biphasic kinetic was the result of a small driving 
force for the electron transfer reaction between A\ and Fx. The fast phase, in this hypothesis, 
essentially reflects the rate of Fx oxidation and the slow phase is principally determined by 
the actual radical semiquinone Af quinone oxidation. Evidences for this model were derived 
from temperature dependence studies of Af oxidation kinetics, where a large activation 
barrier in the order of 100-200 meV was observed (Schlodder et al. 1998). However, in a 
more recent reinvestigation in which the fast ~20-ns phase was resolved, it was shown to have 
a much lower activation barrier of 15 meV (Agalarov and Breftel 2003). Thus, it has been 
suggested that the fast rate is associated with the oxidation of the Ajb' (the phylloquinone 
bound by the PsaB subunits) while the slow phase, as generally accepted, is associated to the 
reoxidation of Aia (the phylloquinone bound by the PsaA subunits). This hypothesis, which 
is referred to as “bidirectional” electron transfer model, was initially proposed by Joliot and 
Joliot (1999) and successively substantiated by a host of spectroscopic studies in site directed 
mutants of either the phylloquinone (e.g. Guergova-Kuras et al. 2001, Fairclough et al. 2003, 
Byrdin et al. 2006, Ali et al. 2006) or the eC 3 Chls (Santabarbara et al. 2005b, Byrdin et al. 
2006). The scientific community working on higher plants systems has rapidly reached a 
consensus on the validity of the bidirectional model. However some discrepancies existed 
with respect to researches working on often identical site-directed mutations but in the 
cyanobacterial reaction centre (e.g. Xu et al 2003a, 2003b, Cohen et al. 2004). Nevertheless, 
recent works by Bautista et al. (2005), Santabarbara et al. (2006) and Poluektov et al. (2005) 
clearly demonstrated the possibility of populating radical pairs, in which the electron 
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acceptors is either Aia or Aib. Thus bidirectionality appears to hold true and to be a general 
property of PS I reaction centres. This is a very unique property, as both Photosystem II and 
the reaction centre of purple bacteria perform a very symmetric electron transfer, where only 
one of the symmetrically arranged potential redox centre is functionally active in primary 
photochemistry. The necessity of performing asymmetric electron transfer is functionally 
linked to the two electron reduction of the terminal electron acceptors of type II (PS II and 
Purple Bacterial RC), Qb. The Qb quinone is reduced to quinol in two successive reactions, 
each of which involves the single reduction of Qa to semi-quinone state. Thus, there is a need 
to control the flux of electron from one quinone (Qa) to the other (Qb) to avoid possible 
photochemical and chemical shortcut leading to dissipation of the charge separated state. As 
all the electron transfer reactions in PS I involve a single-electron exchange, an asymmetric 
(or monodirectional) electron transfer does not bring about any functional advantage. 

Even though the level of knowledge of energy and electron transfer in photosynthetic 
reaction centre, and in particular that of Photosystem I, is relatively advanced so that the main 
characteristic of energy and electron transfer processes are understood in their general terms, 
a number of unsolved issues relating the molecular details of these processes still exist. These 
are often the results of improved and novel spectroscopic investigation possessing superior 
temporal, spectral and analytical resolution. We will fry to discuss some of the contended 
matter by using kinetic models of increasing complexity, which takes into account electron 
transfer and energy transfer reactions. This will also serve to highlight specific differences 
amongst prokaryotic and eukaryotic PS I reaction centres. In the following we will address 
the points which represent, in our view, the principal matter of contention. Those are the 
effect of the dimension of external antenna on the primary photochemical events and the role 
of long wavelengths absorption Chlorophyll form and the chemical nature of electron transfer 
cofactors involved in primary charge separation and their kinetics of reduction and oxidation. 

The effect of the dimension on the (whole) light harvesting antenna have been a matter of 
intense debate amongst the photo synthetic community for over three decades. The trapping 
kinetics can be, in the simplest framework, be categorised into two different scenarios, the 
trap limited and the diffusion limited case. The trap limited model implies that singlet excited 
state equilibration amongst the antenna pigments is extremely rapid, while the photochemical 
reactions are comparatively slower. This yield full thermal equilibration in the antenna, which 
can be considered as comprising the photochemical pigments, particularly if photochemistry 
is initially reversible, so that singlet excited state de-excitation occurs essentially via 
photochemical quenching. The diffusion limited model describes an opposite scenario, in 
which photochemistry is very rapid, but the transfer of excitation in the antenna is not. Thus it 
is the time the exciton spends in the antenna, before reaching the photochemical trap that 
limits the photochemistry. Clearly, both views are extreme and simplified limit cases. This 
has been widely recognised, so that, even in relatively limited kinetics models the 
contribution of both, exciton migration and photochemical trapping, is considered (e.g. 
Melkozemov 2001, Gobets and van Grondelle 2001, Muller et al. 2003). A system is then 
considered as diffusion or trap limited if one of these parameters is largely dominating, i.e. if 
the constrains imposed by the exciton diffusion in the antenna or by the photochemical rate 
are significantly larger than the other, or vice versa. An interesting case at the interface 
between a purely trap and a purely diffusion limited model is a so-called fransfer-to-frap 
limited model. This case can be exemplified by a rapid initial excited state equilibration in the 
antenna, followed by a slow energy transfer from the thermalised antenna bed to the 
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photochemical trap.. In a series of investigations of cyanobacterial PS I core complexes from 
a variety of species, Gobets and coworkers (Gobets and van Grondelle 2001, Gobets et al. 
2001a, 2001b, Gobets et al. 2003a, 2003b) concluded that the presence of long-wavelength 
Chi forms (“red forms”) imposed such a kinetic limitation. Therefore, the trapping kinetics 
was consistent with a transfer-to-frap limited model. Similar conclusions were also reached 
by Melkozemov and co workers. (Melkozemov et al. 2000a, 2004, Melkozemov 2001) who 
investigated the problem independently. Subsequently Ihalainen et al. (2005a, 2005b) who 
studied PS I-LHC I complexes from different higher plants systems and Engelmann et al. 
(2006) who investigated both the PS I-LHC I super-complex and a core, both purified from 
Zea mays extended the transfer-to-frap limited model to eukaryotic PSI reaction centre. These 
results agreed with a previous investigation using time-resolved fluorescence spectroscopy in 
PS I:LHC I super-complex (Croce et al. 2000) which showed a continuous spectral evolution 
during the excited state lifetime, which is not expected for a trap-limited model where singlet 
state equilibration is expected to be more rapid than the kinetics of photochemical trapping. 
Engelmann et al. (2006) and Gobets et al. (2001a, 2001b, 2003a, 2003b) also discussed the 
effect of a “pure” increase in antenna dimension on the trapping kinetics, concluding that, 
albeit an enlarged antenna would slow the excited state (this kinetic limitation were greater 
for Engelmann and cowokers (2006) compared to Gobets and coworkers (Gobets and van 
Grondelle 2001)), the principal kinetic bottleneck resides in the presence of red chlorophyll 
forms. On the other hand, Holzwarth and coworkers (Muller et al. 2003, Holzwarth et al. 
2003, Holzwarth et al. 2005, Slavov et al. 2008) who principally investigated PS I complexes 
isolated from the green alga Chlamydomonas reinhardtii (Muller et al. 2003, Holzwarth et al. 
2003, Holzwarth et al. 2005), but successively confirmed their observation in core and PS I- 
LHC I particle from Arabidopsis thaliana (Slavov et al. 2008), concluded that the trapping 
kinetic were trap-limited instead. The difference in the interpretation of the otherwise similar 
experimental results stemmed from the need to include a reversible primary radical pair, to 
describe the kinetics in the 500 fs to 10 ps time range. Such a process was not considered in 
the publication of Van Grondelle and coworkers (Gobets and van Grondelle 2001, Gobets et 
al. 2001a, 2001b, Gobets et al. 2003a, 2003b, Ihalainen et al. 2005a, 2005b, 2007) and 
Jennings and coworkers (Engelmann et al. 2006). In a more recent publication by Slavov et 
al. (2008) the role of kinetic limitation by the dimension of the antenna and the presence of 
red form were also addressed. However, it was concluded that albeit the red forms induced a 
kinetic constrain on trapping, it is the actual photochemistry which dominates the decay 
lifetime, so that the overall the process should still be considered trap-limited. It is obvious 
that, at present, there is no general agreement amongst different laboratories. This possibly 
originates from the choice of specific kinetic models that emphasise either the electron 
transfer or the energy transfer process, although that is not always the case. Moreover, the 
different groups have, until now, only considered mono-directional primary reactions 
schemes. Thus, we will discuss the experimental findings by the aid of a kinetic model 
considering both the energy transfer and the electron transfer kinetic as well as bi- 
directionality. 
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2. COMPARTMENTAL MODELLING 
2.1. General Aspects 

Compartmental modelling is a modelling approach which considers a few discrete states 
(the compartments) of a more complex system. The rational behind this approximation is that 
the chosen compartments represent the most relevant states in the systems, or the only ones 
that can be observed experimentally. A straightforward extension of this approach is that 
many microscopic states can be condensed in a single functional compartment, and only the 
evolutions of the functional compartments are considered. This approximation holds true, as 
long as any kinetic processes occurring within the microscopic state building up the 
functional compartment are faster than the reaction occurring amongst different 
compartments. Thus, it is the reactions taking place between internally pre-equilibrated states 
of the system which are explicitly considered in the model. In general, this is a sensible 
approximation, and in most cases is substantiated by experimental evidences. For instance, in 
the case of photosynthetic complexes which are described in this chapter, the transfer of 
excitation energy amongst the chromophore composing either the inner or the outer antenna, 
occurs in a sub-picosecond time scale (reviewed by Melkozemov 2001, Gobets and van 
Grondelle 2001), while fluorescence emission, in absence of excited state quenching by 
photochemical reactions, is observed in the nanoseconds (ns) time scale. This large difference 
in between exciton hopping and radiative relaxation allows considering only a few emitters, 
which act as local excitation sinks, typically for thermodynamic reasons, rather than the 
complex network of the antenna which involves over 100 fluorescing chromophores. More 
complex and elegant calculations, largely based on structural data and which consider each 
and every chromophore in photosynthetic super-complexes have also been performed (Byrdin 
et al. 2002, Damjanovic et al. 2002, Gobets et al. 2003b, Sener et al. 2004, 2005). However, 
relevant parameters in the modelling such as the energy of the sites, the direction and the 
intensity of the transition dipole moment, the homogenous and inhomogeneous distributions 
which determine the band-shape, the electron-phonon coupling modes, the energy of each 
pigment site, and so on are not directly accessible from the crystallographic model, therefore, 
they have to be arbitrarily set. These assumptions are often the source of large uncertainties 
despite the elegance of the calculation approach. In this respect the advantages of 
compartmental modelling are obvious; as it allows consideration of a limited number of 
states, the number of parameters to adjust to obtain a description of the experimental 
observable is relatively contained, compared to extensive which considers every microscopic 
state in a complex system. Moreover, as the simulations are constrained to a minimal set of 
physical quantities, it is generally simpler to abstract straightforwardly meaningful 
information from them. It is at the same time obvious that compartmental modelling can be 
applied successfully to systems for which the crystallographic structure has not been yet 
resolved, but for which the functional states are known, for example, from spectroscopic or 
biochemical analysis. In this chapter we present an extension of a previous modelling of the 
electron transfer reaction in Photosystem I (Santabarbara et al. 2005a) of eukaryotes and 
prokaryotes, which also take directly into account excited state equilibration in the antenna 
bed. The following paragraph describes the detail of the mathematical model employed to 
perform the calculations. Although this refers to the specific system under investigation, it 
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can be easily extended to any multi-step electron transfer process, either of biological or 
chemical nature. 



2,2, Mathematical Description 

In order to model the catalytic activity of Photosystem I its is necessary to consider an 
heterogeneous model because two distinct physical processes are considered, excited state 
amongst the compartments describing the antenna of the photosystem and electron transfer 
reactions occurring at the level of primary photochemical pigments and further redox active 
cofactors. A schematic of the general model for Photosystem I, which will be discussed in 
this chapter, is presented in figure 3. 




Figure 3. Schematic description of kinetic model employed in the present investigations. The 
compartments considered in the calculations are indicated by horizontal bars, and connected by arrows 
which exemplify the energy, or electron, transfer reactions. The compartments are compared with the 
arrangement of the putative redox-active cofactors obtained in the structural model from S. elongatus 
(Jordan et al. 2001). P 700 is shown in orange, the accessory chlorophyll CFIacc in blue, Aq in dark green, 
the phylloquinones Ai in light grey, and the iron-sulphur centres Fx, Fb and Fa in yellow (S) and violet 
(Fe). 



The rate of singlet energy transfer between two iso-energetic compartments can be 
described analytically by the aid of the random walk theory (Montroll 1969, Hemergen et al. 
1972, Pearlstain 1982, Kudsmauskas et al. 1983, Valkunas et al. 1986). Although in general 
this is an approximation if compared to more detailed structural based calculations, it was 
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proven to be sufficiently robust so that the quality of the information acquired from relatively 
simple and frilly analytical formalism is comparable to that of more computational time- 
consuming and elaborated calculations (Gobets et al. 2003b). The rate of transfer {k) is the 
described by (Kudsmauskas et al. 1983): 



^1->U 



1 

2N^+N, 






( 1 ) 



where Nu and Ni is the number pigments in the “upper” and “lower “compartment, 
respectively, /"(AO is the lattice structure function (i.e. dependent on the type of lattice, linear, 
cubic, hexagonal, and so on), weighted for the number of nearest-neighbour pigments u, and 
Th is the nearest-neighbour energy transfer time (hopping time). This serve to produce 
physically sensible initial guesses that are then modified in order to describe the experimental 
results reported in literature. The adjustment of the initial values, calculated using equation 
[1], is required because the expression is derived from a lattice in which all the sites have the 
same energy, which is clearly not the case of Chl-protein complexes, and the pigments are not 
bound to the photosystem subunit as in a regular lattice, so that somewhat intermediate values 
for the structure parameters /"(TV) are obtained. 

The rate of electron transfer reactions were calculated using the tunnelling theory 
(Marcus et al. 1954, Marcus and Sutin 1985, DeVault 1980): 
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where, ks is the Boltzmann constant, T is the absolute temperature (in Kelvin), //ab is the 
electronic coupling matrix element between the electron donor and the electron acceptor 
molecule. To a first approximation the electronic coupling matrix depends exponentially to 
the distance between the donor and acceptors, scaled by a factor which is often refereed to as 
tunnelling barrier {fk). The term / is the total reorganisation energy which accounts for sum of 
the reorganization energy of the medium (A.out) and the reactant (Lin). The value of A. is 
notoriously difficult to obtain experimentally. For electron transfer reactions in 
photo synthetic reactions centre and other redox active enzyme it has been suggested that it 

ranges from 0.7 to 1 eV (Moser and Dutton 1992). AG^is the free energy of activation, 
which is related to the Gibbs free energy of the redox reaction (AGo) by the Marcus 
expression (Marcus et al. 1954, Marcus and Sutin 1985, DeVault 1980): 



AG' = 



(/+AG“)'^ 
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( 3 ) 



From of Equation [2] and [3], it derives that when the condition AG°=-L is matched, then the 

reaction is activation-less, as AG^ =0. Still, a temperature dependence of the electron transfer 
rate is observed, due to the term under square root on the right hand side of Equation [2], 
which derives from the appropriate calculation of the Frank-Condon factors (Marcus et al. 
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1954, Marcus and Sutin 1985, DeVault 1980). In order to take into account coupling of the 
electron transfer reaction with a main low-frequency vibration of the protein matrix (phonon), 
Hopfield (1974, see also DeVault 1980) derived a formulation in which the k\,T term is 
substituted by: 



ct{T) = 




Hco 

2 ^ 



(4) 



where h is the Dirac constant and CO is the mean phonon frequency, expressed in angular 
frequency units. It is interesting to notice that at high temperatures (j{T) is numerically very 
close to khT (i.e. when kbT» tico), while at low temperature (j{T) tends to an almost 
constant value (j^hco). More sophisticated expressions, which include contributions from 
several phonon models, have been described by Jortner (1976). However, such refinement 
goes beyond the scope of the present calculation; therefore we limit ourselves to the use of the 
Hopfield approximation. 

The population dynamics in each compartment of the kinetic model are calculated by a 
system of linear differential equations, which can be written in a compact matrix form as: 
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where A is the composition vector (of each state/compartment) and K is the rate coefficient 
matrix, and have forms: 
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where A(t), are the population evolution of each compartment (A, B...Z) and K 

is a square matrix, which elements are the kinetic constants connecting the compartments. 
The element on the diagonal represents the sum of the depopulation rate of each 
compartment, hence the minus sign, while the off-diagonal terms describe the rate of 
population of each compartment from the other. The experimentally observed decay lifetimes 
are the eigenvalues of the matrix K, and generally depend on all the individual rate 
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constants. Thus in principle it is incorrect to assign an observed decay lifetime to a specific 
reaction, which is a rather common approach. This simple approximation is, rigorously, valid 
only when the off-diagonal terms are zero, which is the case for linear reaction scheme, in 
which the back-reaction constants are so small to be negligible (i.e. a very large equilibrium 
constant). 

The solutions of the system of differential equation are described as: 

A(0 = ' (7) 

where P is an orthogonal and invertible matrix which satisfies the condition: PKP * = A , 
A is the matrix of the negative eigenvalues, defined by det( A — A/) = 0 , where / is the 
identity matrix. In order to obtain a unique solution, it is necessary to solve the system for a 
specific boundary condition, which describes the initial state of the system (i.e. excitation 
wavelength, redox state of the cofactors, etc). The general solutions for the system of 
differential equations have the form: 



A(0 = yV,e 
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where Vy is the y-th eigenvector (for a specific set of initial conditions A. ) and tj is the 

inverse of the y-th eigenvalue, which is, obviously, independent from the initial conditions. In 
experimental terms, this means that the measured lifetimes are not expected to change, under 
different experimental conditions (unless a specific reaction is suppressed or the rate 
constants modified by sample manipulation), while the amplitudes are. Positive values in the 
eigenvectors represent depopulation processes while negative values describe population 
reactions. With this in mind we have calculated a series of parameters from the solutions of 

the system of differential equations, , the weighted average decay lifetime , , the 

average rise time, and the reduced averaged decay time. The expression has the form 
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This expression (Equation [9]) is valid only for the compartment which are initially 
populated. The tav terms have been shown to describe the “average trapping time” in 
photosynthetic RC (Croce et al. 2000, Jennings et al. 2003c, Engelmann et al. 2005), and can 
be determined with accuracy by the analysis of time-resolved fluorescence spectra. However, 
or all the compartments describing pure electron transfer reactions this parameter is 

inadequate as ^ =0 and the value tend to infinity. In experimental measure, this is not a 
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problem because absolute excitation selectivity is impossible, yielding a small, but non-zero, 
population in all the physical compartments involved in energy transfer and primary 
photochemical reactions. For the purpose of the calculations presented in this study, we 

introduce the terms , the average rise time, and reduced decay lifetime, which have 
the same form of Equation 9, but for the summation is performed over all negative 

amplitude, while for it is performed over positive. 

A parameter of general validity is the mean decay lifetime, which is described by the first 
moment of the population evolution: 
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where j{t) is the population evolution of a compartment i. This parameter can be shown to 
represent the average time of depopulation of compartment i since the initiation of the 
process, which can take place in any other level in the kinetic model. 



3. Modelling of the Primary Photochemical 
Reaction in Photosystem I Reaction Centre 

3.1. Isoenergetic Antenna Systems 

In the following we will present models of increasing complexity in terms of antenna 
organisation and electron transfer reactions. We set out our analysis by considering all the 
possible electron transfer reactions within PS I reaction centre but a simplified antenna 
description, which is accounted by a single antenna compartment. 

A scheme which describes pictorially the compartment included in the calculation is 
presented in figure 4. The antenna is described by a single compartment composed of 80 Chi 
a molecules emitting fluorescence at 680 nm. This wavelength was chosen as it is close to the 
maximal emission of the PS I core complex isolated from higher plants (Croce et al. 1 996, 
1998) and that of LHC I complexes which do not bind long-wavelength emitting Chls (Croce 
et al. 1998, 2007), at room temperature. The antenna is kinetically coupled to a group of six 
chlorophyll a (Chi a) molecules, which build up the photochemical reaction centre. The 
singlet excited state of this Chi a cluster (which will be referred to as RC*) is considered as a 
single functional compartment. That implies that singlet energy equilibration within the RC 
compartment is more rapid than photochemical reactions. At this stage, we consider a simple 
one-step charge separation reaction, stemming from the Chi a dimer located perpendicular to 
the membrane plane, which physically is part of RC , and is commonly referred to as P 700 (the 
primary electron donor). The electron acceptor, is a second functional dimer of Chi a, which 
is also physically part of RC , and will be referred to as Aq. The co factors bound to the PsaA 
and PsaB reaction centre subunits are both considered photochemically active, in view of the 
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now widely accepted bidirectional model of electron transfer reactions in PS I reactions 
centre (reviewed by Santabarbara et al. 2005a). Thus, primary charge separation gives rise, 
statistically, to two primary radical pairs couples, identified by the [Pvoo^Aqa ] and [Pvoo^Aob ] 
notation, where the subscript refers to cofactors coordinated by either one or the other subunit 
of the reaction centre. P700 is located at the interface of the two subunits and is therefore 
considered as communal to the two electron transfer branches. Further electron transfer 
events involve the reduction of bound phylloquinone molecule, producing the secondary 
radical pair [Pvoo^Aia'] and [P700 Aib'], and the sequential reduction of the iron sulphur 
centres Fx, Fa and Fb. We indicate these states as [Proo^Fx’], [P7 oo^Fb’] and [P7oo^Fb'], where 
the minus sign for the iron-sulphur clusters refers to a reduced state rather than a net negative 
charge of this redox centres. Reduction of Fb is modelled by a first order reaction involving 
Ferredoxin oxidation. This is a simplification in view of the complex kinetics observed for 
this process (reviewed by Setif 2001), but it does not affect the principal parameters of 
interest in this study, which are the primary photochemical processes. 
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Figure 4. Photosystem I Core Model. A; Kinetic model mimicking the core complex of PS I, in which 
the internal antenna is isoenergetic with the reaction centres. Also presented are the numerical values of 
the rate constants, in units of ns"', and the resulting lifetimes (inverse of the eigenvalues, units are given 
on the Figure). B; M; Matrix of the eigenvectors computed for initial population in the internal antenna 
only. Each column the eigenvector matrix corresponding to a specific eigenvalues, the inverse of which 
is presented in the vector X (units are ps). 

The model described in figure 4 represents a minimal description of an idealised PS I 
reaction centre, where P 700 acts both as a photochemical trap as well as thermodynamic 
energy sink, being the pigment state laying at lower energy. The energy difference between 
RC and Ant*, the core antenna excited state, is 52 meV and the equilibrium constant, taking 
into account the degeneracy (na„(=80; np=6 note the number of Chi a in RC* include P 700 , 

^ H: 

Aoa and Aqb each being a Chi dimer), is 1 .7. 

To a first approximation this simple model can be taken as an exemplification of a PS I 
core completely depleted of pigments emitting at wavelengths longer than 700 nm (“red 
form”), which it is not dissimilar to what observed for the monomeric PS I core complex of 
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higher plants. Core complexes isolated from Zea mays were shown to contain only a minor 
fraction of low-energy chlorophyll forms (Croce et al. 1998), which are instead bound 
principally to the external antenna LHC I polypeptides (Croce et al. 1998, Croce et al. 2002). 
Similar findings were also reported for core particles isolated from Arabidopsis thaliana 
(Salvov et al. 2008). The absence of a long wavelength emitting form has been discussed in 
particular cyanobacterial strains (e.g. Bailey et al. 2008) and the prokaryotic marine organism 
Ostreococcus (Rodriguez et al. 2005). However detailed spectroscopic description of isolated 
PS I complexes from these latter species have not been reported yet. 

Time resolved fluorescence measurements on core complexes from Z. mays (Engelmann 
et al. 2006) and A. thaliana (Slavov et al. 2008) have been recently reported. The results of 
the latter study are in substantial agreement with those obtained on isolated PS I:LHC I 
complexes from the green alga Chlamydomonas reinhardtii (Muller et al. 2003, Holzwarth et 
al. 2003, 2005) which binds an external antenna showing a blue-shifted emission (715 nm 
compared to 735 nm in typical higher plant systems; therefore it is less influenced by the 
possible effect of the low-energy chlorophyll forms on energy transfer and trapping kinetics 
(Jennings et al. 2003c)). However, in the previous studies the experimental results were 
analysed considering only one active electron transfer chain in the PS I reaction centre. The 
effect of electron transfer directionality on excited state kinetics has not been taken into 
account, except in a previous report by Santabarbara et al. (2005a) which mainly focused on 
secondary electron transfer reactions, and it is therefore worthwhile investigating. 

The population evolutions of each compartment obtained from numerical simulations in 
which the initial population is entirely in the external antenna are presented in figure 5. The 
evolution of the antenna [Ant ], excited state of photochemical reaction centre [RC ], and that 
of [Pvoo^Aoa ] and [Pyoo Aqb ] are shown in figure 5A while figure 5B shows the time 
dependences of the subsequent radical pair [Pyoo^AiA ], [Pyoo Aib'], [Pyoo Fx'], [Pyoo Fa'] and 
[Pyoo Ab']. The kinetic traces in figure 5B are presented on a logarithmic scale as they span a 
large time interval. The values of the rate constants used to simulate the data are shown in the 
scheme of figure 4 together with the matrix composed by the eigenvectors obtained for the 
specific initial conditions consisting in initial excitation in the bulk of the antenna only. 

From the inspection of the results obtained from this minimal model it is already possible 
to draw some important conclusions that facilitate further analysis. Firstly, the adjustment of 
the kinetic rates to match the experimental observable highlight the presence of only two 
substantially irreversible electron transfer events in the whole PS I reaction centre chain. 
Those are the transfer from Aq’ to A\ (on both reaction centre subunits) and that from Fx' to 
Fa (note that for Fe-S cluster the minus sign indicates a reduced state and not a net negative 
charge). This is in agreement with a previous modelling based on a similar rational 
(Santabarbara et al. 2005a), but for which the electron transfer rate was calculated using the 
semi-empirical Moser-Dutton approximation (Moser and Dutton 1 992), rather than the most 
stringent Marcus-Hopfield (Hopfiled 1974, DeVault 1980) treatment employed here. The 
larger, negative, free energy is estimated for the population of the [Pyoo Aja'] from [Pyoo Aqa] 
(and similarly from [Pyoo Ajb'] from [Pyoo Aob']). For the simulation of this electron transfer 
step, the rate constant of the recombination (back) reaction can assume any value smaller than 
0.1 10'^ ns'*, which implies that the reaction is virtually irreversible. This carries another 
important consequence in terms of the mathematical description of the electron transfer event, 
in the fact that antenna equilibration and primary photochemical reactions are effectively 
kinetically decoupled from quinone reoxidation reactions and further downstream electron 
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transfer events. The eigenvalues (i.e. the reciprocal of the observed decay lifetime) of each 
group of differential equations are virtually unaffected when the reactions are considered as a 
single coupled system or two independent ones. This allows the independent modelling of 
these two processes, which strongly reduces the number of linear differential equations and, 
consequently, of adjustable parameters in the simulations. Moreover this observation allows 
the discussion of these two clusters of electron/ energy transfer events separately. 



A: Primary Reactions B: Late Reactions 




Figure 5. Population evolution of the eompartments for the PS I-Core model. A: Primary photochemieal 
events and antenna de-excitation; core antenna ([Ant^ore ]), solid crimson line; reaction centre excited 
state ([RC ]), solid red line; [P700 Aqa ], dark-blue dash-dotted line; [P700 Aob ], dark-cyan dash-dotted 
line. The insert show the population time-evolutions on a logartmic scale. B: Population evolution of 
the secondary and successive radical pairs. [P700 A^a ], grey dash-dotted line; [P700 Aib ], black dash- 
dotted line, [P700 Fx ], solid cyan line, [P700 Fa ], solid green line; [P 7 oo^Fb'], solid gold line. Note that 
logarithmic scale in Panel B. 

Since the central interest in this study is the effect of different chromophore composition 
in the inner and outer antennae on photochemical trapping, we will initially limit to a 
truncated system of differential equations which does not consider electron transfer reactions 
after phylloquinone Ai reduction by Aq. This treatment is valid in general for modelling 
considering energy equilibration and primary electron transfer reactions as long as the 
reactions up to the first virtually irreversible event are considered. In the case of 
photosynthetic reaction centres this implies the formation of a meta-stable charge separated 
state. On the other hand, it should be considered that the initial populations of the reaction 
cluster involving the phylloquinone Ai and below are better estimated by solving the 
population dynamics of the antenna equilibration/primary charge separation reaction, rather 
than assuming “ad hoc” boundary conditions. For instance, that is the case of the effect of 
mutations of the binding sites of electron transfer cofactor upstream of A\ (Santabarbara et al. 
2005b, Cohen et al. 2004), where the interpretation requires the consideration of the entire 
electron transfer events. 
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Principal Kinetic Components of Simple Isoenergetic Antenna Systems 

Excluding the lifetimes in the nanosecond time scale, which relate to the secondary and 
successive electron transfer reactions, four lifetimes in the sub-nanosecond time scale are 
observed, showing values of 663 fs, 7.9 ps, 11.2 ps and 17.6 ps. This is obviously expected 
because four principal compartments are considered, [Ant ], the excited state of the reaction 
centre [RC ], and the two “parallel” radical pairs [P 700 Aqa ] and [Pvoo^Aob ]. At present there 
is no evidence for asymmetry in the primary charge separations between the two active 
electron transfer branches. Thus, although it is possible that the two electron transfer branches 
are not energetically equivalent, to a first approximation, we have fixed the rate constant of 
charge separation to the same value in the two electron transfer branches. The values obtained 
from the simulations are in general agreement with the lifetimes reported by Muller et al. 
(2003) who reinvestigated primary charge separation reactions in Photosystem I preparation 
from the green alga C. reinhardtii by direct transformation of the time domain optical 
transient and global-target analysis of the kinetic transients. Similar results were also obtained 
by Slavov et al. (2008) who investigated a core complex isolated from A. thaliana. These 
studies reported the presence of at least four lifetime distributions centred at about ~800 fs, ~6 
ps, ~20 ps and ~40 ps. However, it should be noticed that Engelmann and coworkers (2006), 
who studied a PS I core particle purified from Z. Mays using the single-photon-counting 
technique (TCSPC), could detect a single lifetime components of 17 ps. Albeit a decay 
lifetime shorter than 5-7 ps is probably within the limit of resolution of their experimental set- 
up, the author discussed the distortion of a fast and unresolved decay lifetime on the decay 
kinetics, concluding that, if present, this lifetime should be of small amplitude (Engelmann et 
al. 2006). Multiple decay lifetimes in time-resolved fluorescence emission measurements 
performed using streak-camera detection, which posses a higher temporal resolution than the 
TCSPC technique, generally resolve more than one decay component in the pico-second time 
scale (Ihalainen et al. 2005a, 2005b, 2007). 

Holzwarth and coworkers (Muller et al. 2003, Holzwarth et al. 2003, 2005, Slavov et al. 
2008) explained the presence of four lifetimes by the presence of two consecutive radical 
pairs. These additional radical pair state would involve the so-called accessory chlorophyll 
(eC 2 ) which are spatially located between P 700 and the eC 3 Chi a, which is adjacent to the 
phylloquinone. However, the species associate difference spectra (SADS) reported by Muller 
et al. (2003) for the primary and the additional radical pair are virtually identical, mainly 
reflecting the singlet state bleaching of the primary donor P 700 . The contribution of the 
accessory chlorophyll(s) to the SADS is expected to manifest, either as an additional Chi 
bleaching, or bleaching in a position different from that of P700. Thus, extending the model to 
the bidirectional framework, it is possible to interpret the results obtained by high- 
temporal/high-resolution difference absorption spectroscopy, in terms of the presence of two 
chemically identical secondary radical pairs, populated on each of the electron transfer 
branches of the PS I reaction centre, i.e. [P7oo^Aia'] and [P700 Aib']. Since phylloquinones do 
not contribute to difference spectra at wavelengths longer than 600 nm, the remaining spectral 
contribution to the radical pair is that associated with P700 -P700 difference, which is 
communal to both electron transfer branches. Still, this rational does not exclude the 
involvement of the accessory chlorophyll in electron transfer reaction as proposed by 
Holzwarth and colleagues (Muller et al. 2003, Holzwarth et al. 2003, 2005, Slavov et al. 
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2008). In the initial calculations eC 2 and eC 3 Chls are considered a functional dimer, and are 
collectively called Aq, (note that sometime this term is referred to eC 3 only). 

We now turn into a more detailed description of each of the compartments. 

Excited State Decay in the Antenna 

The decay of the singlet excited state in the antenna upon his direct excitation is 
characterised by an average decay lifetime of 8.6 ps. The lifetimes 663 fs, 7.9 ps and 18.2 ps 
all contribute significantly to the excited state decay, while the 11.2 ps shows very little 
population amplitude in the simulations. The 7.9 ps lifetime represents the dominant 
component, accounting for more than 45% of the excited state depopulation, which reflects in 
the 8.6 ps average lifetime. As mentioned before, Engelmann et al. (2006) who studied a 
Photosystem I core from higher plants virtually depleted of long-emission form, were unable 
to detect such a fast decay lifetime, and concluded that it should be associated, when present, 
to very small amplitudes. Thus it is clear that there is a discrepancy between the model 
calculation presented here and the experimental results by some research groups. On the other 
hand, the values obtained in our calculations are in agreement with the estimates of Slavov et 
al. (2008) and Ihalainen et al. (2005a, 2005b) who both resolved a decay component in the 5- 
7 ps range carrying significant amplitude. A lifetime in the order of 15-20 ps is generally 
observed in all the experimental observation and is nicely reproduced by the simulations 
presented here. In the investigation of Slavov et al. (2008) and Engelmann et al. (2006) the 
presence of a small amplitude long living component (of 30 ps and 70 ps, respectively) was 
also observed. Engelmann and coworkes (2006) discussed this component as contaminant of 
PS LLHC I super-complexes, while Slavov et al. (2008) did not address the physical and 
functional meaning of the ~30 ps component observed in their time-resolved fluorescence 
invesfigafion. The DAS associafed spectra of 30 ps lifetimes is red shifted, peaking at ~720 
nm, therefore it might represent a contaminant of intact PS LLHC I complexes (Engelmann et 
al. 2006). On the other hand, it might also be the result of excited state equilibration with the 
residual population of long wavelength chlorophyll forms associated with PS I core of higher 
plants, as discussed by Ihalainen and coworkers (2005a, 2005b, 2007). 

Reaction Centre and Primary Charge Separation Reactions 

The cluster of Chi a molecule involved in electron transfer reactions is explicitly 
considered as a functional compartment [RC ], as suggested by the measurements of 

Holzwart and coworkers (Muller et al. 2003, Holzwarth et al. 2003, 2005, Slavov et al. 

* 

2008). When excitation is initially only in the external antenna, RC is rapidly populated with 
an average constant of 660 fs. The fast population of RC indicates, to a first approximation, 
no indicative kinetic bottleneck for energy transfer from the core antenna to the 
photochemically active pigments. The singlet excited state decays with an average lifetime of 
1 1.9 ps, in our simulations. The decay is markedly biphasic, with the 7.91 ps and the 17.6 ps 
components having the largest, and almost equal, population amplitudes. In this respect, the 
antenna excited state compartment ([Ant ]) and the reaction centre compartment [RC ] decay 
within the same average lifetime range (8.6 compared to 11.9 ps). Thus, at under state 
conditions these compartments would appear as closely thermally equilibrated as observed by 
Jennings and coworkers (Croce et al. 1996, Jennings et al. 2003b, 2003c). 

The value for the rate constant which describes the experimental 155 ns'* is, in the range 
of that (10 - 20ps)’* suggested in several studies (reviewed by Melkozemov 2001, Gobets and 
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van Grondelle 2001), but significantly smaller than the rate of 400 ns'* proposed by the 
Muller et al (2003) and Slavov et al. (2008) which included reversible charge separation. 
However, in all previous studies, the excited state and trapping kinetics were estimated using 
a mono-directional model. In the previous calculation, as well in those previously published 
by Santabarbara et al. (2005a) a bi-directional electron transfer model is considered. Thus, the 
overall depopulation of RC has to take into account the processes occurring on both putative 
electron transfer branches. As the rate for the population of the [P 700 Aqa ] and [P 700 Aqb ] 
radical pair are assumed to be identical, the actual total depopulation of rate of [RC ] is 360 
ns'*, a value not dissimilar from the ~400 ns'* indicated by Holzwarth’s laboratory. 

Primary Radical Pair 

The numerical simulation predicts an average rise time of 9.2 ps and 7.9 ps for the 
[P 700 Aqa'] and the [P700 Aqb'] radical pairs respectively. We wish to underline the fact that, 
based on the present knowledge, we are unable to actually distinguish [P700 Aqa ] and 
[P700 Aqb ]■ We have assigned to the latter radical pair the faster decay dynamics, which 
allows us to identify in a simple manner each of the two “parallel” charge separated states. 
However, this assignment is arbitrary, and further experimental investigations, possibly 
involving site-directed mutants of specific binding sites of the PsaA and the PsaB subunits, 
are needed to actually discriminate the kinetic properties of these radical pairs. The simulated 
rise kinetics of 7.9 and 9.2 ps fall in lifetime distributions observed in the ultra-fast optical 
absorption measurements (Muller et al. 2003, Holzwarth et al. 2003, 2005) and they are 
therefore in general agreement with experimental observations. Similar rises time for the 
[P700 Aqa ] and the [P700 Aqb ] radical pairs are expected because the charge separation rates 
are presumed to be identical on both the electron transfer branches. The slight difference 
arises from different weighting factors (eigenvectors) in the presence of the same lifetimes 
(eigenvalues), which resulted from a slightly larger depopulation of [P700 Aqb ] (85 ns'*) with 
respect to [P700 Aqa ] (65 ns'*). The rise of [P700 Aqb ] is monotonous and described by the 7.9 
ps lifetime, while the one of [P700 Aqa ] is biphasic and described by the 7.9 ps and 11.2 ps 
components, with fractional amplitudes of 0.6:0. 4 respectively. Non-monotonous kinetics of 
primary radical pair population, are also expected in the frame of reversible charge 
separation. However, the lifetimes are generally very close in space, and might be difficult to 
distinguish in experimental measurements. [P700 Aqa ] and the [P700 Aqb ] decay with average 
lifetimes of 17.0 ps and 14.0 ps respectively. In both cases, the 17.6 ps component is 
dominant in determining the rate of depopulation. The decay of the primary radical pair, 
leading to the population of a virtually irreversible charge separated state, parallel that of the 

antenna excited state population, i.e. 17.6 ps. Similar figures are found computing the first 

* 

moment of the population evolution which is 13.0 ps for the [Ant ] compartment and 14.4 ps 
for [RC ] compartment. Therefore it appears that the trapping time determined by time- 
resolved fluorescence experiments do not reflect primary charge separation events, in case the 
reaction are reversible and a rapid equilibrium between [RC ] and [Ant ] is taking place, but 
rather the average time of population of a meta-stable radical pair, which is the case described 
here is the formation of [P700 Aia/b ]■ This also points toward a significant limitation of 
trapping kinetics on the excited state lifetime, i.e. a trap-limited model. On the other hand, it 
is significant to note that, compared to our previous calculations (Santabarbara et al. 2005a) 
in which a simpler model assuming a strongly energy funnelled antenna was considered, we 
need to increase the value of the charge separation rate by approximately 50% (i.e. 155 ns'* 




22 



Stefano Santabarbara and Luca Galuppini 



compared to 100 ns"'). This also points toward some kinetic limitation imposed by 
[RC ]/[Ant ] equilibration, i.e. transfer-to-trap limited model. It is therefore the interplay of 
energy transfer and photochemical reaction to determine the overall excited state 
equilibration. Ignoring either one or the other process in modelling the reaction centre 
dynamics, might lead to substantial biased estimation of kinetics rates and excited 
state/electron transfer intermediate population. 



3.2, Effect of Dimension of an Isoenergetic Antenna System 

An interesting problem for the kinetic and efficiency of energy trapping are the eventual 
limitation imposed by the size, i.e. the number of chromophore, in the antenna. Theoretical 
studies indicate that the trapping time of an iso-energetic lattice should scale linearly with the 
number of pigments. This can be understood in a simple intuitive manner considering that 
excitation losses increase proportionally to the number of steps in a random walk (Pealstain 
1982, Kudsmauskas et al. 1983, Gobets et al. 2003b). However, this suggestion holds true 
principally when the energy transfer to the photochemical active centre represents the main 
kinetic limitation to the overall excited state dynamic, which is often referred to as a purely 
diffusion-limited model. It is clear, that this is not the case for photosynthetic complexes, 
where the principal bottlenecks are discussed either in terms of the photochemical reactions 
only (trap-limited (Muller et al. 2003, Holzwarth et al. 2003, 2005, Slavov et al. 2008)), or by 
energy transfer from a specific spectral pool to the photochemical reaction centre (transfer-to- 
trap limited (Melkzemov et al. 2000a, 2000b, Gobets and van Grondelle 2001, Gobets et al. 
2001b, 2003a, 2003b, Engelmann et al. 2006)). On the other hand, as discussed by 
Engelmann et al. (2005) for the case of higher plants Photosystem ILLHC II complex, that 
either in a diffusion limited or transfer-to-trap limited model, the excited state resides mostly 
in the antenna during its average lifetime. This is also the case of a trap-limited model, if 
rapid equilibration with the antenna takes place, as it is case both in PS I and PS II reaction 
centres. 

In order to address this issue we have considered a system which is schematically shown 
in figure 6 and in which an additional antenna compartment is directly coupled to the “core” 
antenna, but not to the reaction centre. Structurally, this mimics the effect of coupling an 
external antenna moiety, such as the LHC I complexes, to the inner antenna-reaction centre 
complex, as observed in higher plants and green algal PS I (e.g. see figures 1 and 2). We 
consider this compartment as iso-energetic to the core, or, in other words, we initially neglect 
the presence of chlorophyll forms which absorb at wavelengths longer than the trap. Thus, in 
this calculation P700 still represents both a photochemical and an excitonic trap. This system is 
effectively purely artificial, as, to our knowledge, there is no report of an equivalent 
energetically related to this scheme, with the possible exclusion of the PS LLHC I complex of 
Ostreococcus. Nevertheless, this allows addressing, at least under the calculations point of 
view, to the effect of the number of molecule in the antenna only. As a reference, we started 
with an isoenergetic antenna compartment composed of 80 Chi a, thereafter referred as the 
“bulk”. This number is also similar to that suggested by crystallographic models (Jordan et al. 
2001, Ben-Shem et al. 2003) in which four LHC I monomers, each binding approximately 15 
Chi a, were resolved. However, this initial assumption is sub-stoichiometric with the number 
of Chi a obtained in biochemical studies which is about 200 for the PS LLHC I super- 
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complexes of higher plants (e.g. Croce et al. 1996), which is also known as PS 1-200. For 
simplicity, we refer to this configuration as the “PS I Iso-200”, which in terms of energy 
distribution is more similar to an isolated PS I core, but possessing an enlarged antenna. As 
the number of molecules in the additional antenna compartments is initially set to the same as 
the core Chls, and the two compartments are iso-energetic, the equilibrium constant for 
energy migration between the two antenna sub-systems has value of unity. Thus, the only 
adjustable parameters, compared to minimal description described before for the case of 
higher plant-like PS I core complex, are the energy transfer rates from the two compartments. 
Simulations for a simple core were performed assuming initial population in the antenna only. 
Thus, assuming that the system is excited under the same conditions, which simplifies the 
comparison of the simulations, and since the core and external antenna system are taken as 
isoenergetic and having equal stoichiometric pigment abundance, the initial conditions were 
set as identical population in the core and “bulk” external antenna. The results of Muller et al. 
(2003) were initially used as the reference experimental dataset, as they were acquired in 
Chlamydomonas, a system in which the presence of red chlorophyll forms is less influential 
as they show a comparatively blue shifted spectrum compared to what commonly observed in 
higher plants EPIC I complexes (Bassi et al. 1992). 
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Figure 6. PS I-Iso200 Model. A; Kinetic model mimicking the core complex coupled with an 
isoenergetic external antenna of the same dimension. Also shown are the numerical values of the rate 
constants (in ns'*). B: M; Matrix of the eigenvectors computed for equal (0.5:0. 5) initial population in 
the peripheral and internal antenna. Also shown is the vector of the inverse eigenvalues X (units are ps). 

The results of the simulation for the population evolution of the compartments of the “PS 
I Iso-200” system shown in figure 7, while the rate constants and the matrix composed of the 
eigenvectors (populations) are reported in figure 6 together with the kinetic scheme. 
Compared to the simple core (red forms depleted) model, the population evolution is 
characterised by five lifetime components, of 541 fs, 1.2 ps, 9.5 ps, 1 1.4 ps and 23.1 ps. The 
additional lifetime of 1 .2 ps is a straightforward consequence of including a new compartment 
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in the modelling. It is obvious that all the other lifetimes are not largely modified, even 
though both the 9.5 ps and 23.1 ps have increased values with respect to 7.9 and 17.6 ps, 
simulated in the core. Inspection of the rate constants shown in scheme of figure 6 shows that 
the principal difference resides in the rate constants of primary charge separation (A:*), which 
assumes a value of 175 ns'* compared to 155 ns'* when only an iso-energetic core antenna is 
considered. The need to increase the time constant for charge separation in order to maintain 
similar population (core=0.66 ps, iso200=0.81 ps) and depopulation (core=11.9 ps, 
iso200=20.2 ps) rates in the [RC ] component in the simulate core and a system with 
isonergetic antenna, derives from the direct competition of the external antenna, [Antsuik ], 
and the [RC ] for the excited state in [Anteore ], which to a first approximation equilibrates, 
with an average lifetime of ~1 ps. The value of 175 ns'* for kf^ was obtained with an excited 
state transfer constant between the core antenna, [Ant*], and the external bulk antenna 
[Antfiuik ] of 555 ns' , which is equivalent to a Zcore->huik of 1.8 ps. Further increase of the value 
of energy exchange between the two antenna compartments did not lead to a decrease of the 
value of primary charge separation, unless physically unrealistic values in the order of 1 600 
ns'* and higher were considered. Qualitatively, the necessity to increase the value of kfc upon 
increasing the size of the antenna, agrees with what observed in simulation for a funnelled 
core system (Santabarbara et al. 2005) compared to the absence of funnel (figure 4 and 5). 
However, it should be noticed that Slavov et al. (2008) who compared a core and a PS LLHC 
I super-complex from A. thaliana described their experimental data by means of global-target 
and compartmental modelling using the same value for the primary charge separation of 400 
ns'*. The authors consider for both the PS I core and the PSLLHC I complexes a single “bulk” 
excited state antenna compartment, rather than the two separated compartment described 
here. This was also determined by the number of parameters effectively accessible from the 
data analysis and is in principle justified by ultra-fast equilibration between the core antenna 
and the bulk of the external antenna. However, Slavov et al. (2008) needed to modify the rate 
of excited state transfer from the antenna to the reaction centre. On the other hand, since in 
the simulations presented here the core and external antenna are considered separately, the 
transfer rate from the core to [RC ] is kept virtually to the same value (which is close to that 
estimated by Slavov and coworkers (2008)), while it is the coupling between the two antenna 
moieties which is varied. As mentioned above, up to physically reasonable rates for excited 
state transfer from (and to) the core antenna to (and from) the external antenna, we were 
required to increase of primary charge separation to preserve the population dynamics of 
[RC ]. This clearly shows that the coupling of an external antenna moiety, and in general 
increasing the total antenna size, imposes some kinetic constrain to primary charge separation 
as well as excited state depopulation. This can be almost straightforwardly quantified by 
comparing the kinetics of de-activation of the two antenna compartments. The calculations 
reported in figures 6 and 7 show that, under the initial population condition used in our 
simulation, the core and the bulk eternal antenna decay virtually simultaneously. The average 
decay lifetime of [Anteore ] is 14.5 ps and that of [Antfiuik ] is 15.9 ps. These lifetimes would 
be indistinguishable in experimental data, and contribute to some form of lifetime 
distribution. It is interestingly to note that, even considering the readjustment of the primary 
charge separation constants which were increased from 155 ns'* to 175 ns'*, the antenna rav 
increases from 8.6 ps in PS I core to ~15 ps PSI-iso200, a factor which is nearly identical to 
the increase in antenna size (ncor=80, niso 200 = 160 ). 
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Figure 7. Population evolution of the compartments describing the primary photochemical events and 
antenna de-excitation processes in the PSI-Iso200 model; external antenna ([Antbuik ]), solid magenta 
line; core Antenna ([Antcore ]), solid crimson line; [RC ], solid red line; [P700 Aqa ], dark-blue dash- 
dotted line; [P700 Aqb ], dark-cyan dash-dotted line. The insert shows the reactions on a semi-logatmic 
scale. 

The population evolution of the [RC*] compartment coupled to core antenna and an 
isoenergetic and equally degenerated antenna, are characterised by a biphasic rise, showing 

lifetimes of 542 fs and 1.17 ps, and of 0.82 ps. The biphasic rise is the result of the 

coupling with two antenna moieties. The value of the kinetic constants were set to obtain the 

same [RC ] averaged rise time in the PS I Iso-200 and the core, within the experimental 

* 

uncertainty. The decay of [RC ] is described by three components of 9.5 ps, 1 1.4 ps and 23.1 

ps, with the latter dominating the average decay of 20.2 ps. The maximal population level of 

[RC ] is 0.14, while it was 0.28 in the core complex. Very similar values are computed by 

integration of the dynamics of the population evolutions; a normalised (to the total excited 

state population) population of 0.16 is obtained in Iso-200 model, while it has a value of 0.30 

in the core deprived of the external, isoenergetic, antenna. Again, the decrease in excited state 
* 

concentration in [RC ] is almost proportional to the increase in antenna size, and it is what is 
expected from a Boltzmann distribution in case of a rapid equilibration amongst the antenna 
compartments. Less significant differences are observed when the maximal population of the 
[P700 Aq’] radical pair (i.e. [P700 Aoa']+[P7oo Aob']) are considered, for which values of 0.4 
and 0.32 are determined in the core and the PS I Iso-200 models, respectively. The average 
rise time of [P700 Aqa ] and [P700 Aob ] are 1 1 ps and 9 ps respectively, which it is within the 
6-10 ps lifetime distribution observed experimentally (Muller et al. 2003). The two “parallel” 
radical pair, decay with average lifetimes of 22 ps ([P700 Aqa']) and 18 ps ([P700 Aqb']), which 
are slightly larger value than the 18 and 13 ps determined simulations of the core, and is 
mainly due to the lengthening of the slower decay component from 17.6 ps in the core to 23.1 
ps in the PS I Iso-200 simulations. 

Summarising, in order to simulate a PS I reaction centre with an enlarged (double), iso- 
energetic, antenna, it was necessary to increase the charge separation rate by approximately 
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20%. The averaged decay lifetime assumed a value of ~ 18 ps with respect to ~ 8 ps 
calculated for the core. At the same time the slower decaying lifetime was determined as 23.1 
ps, compared with 17.6 ps calculated for the core. In both cases, the slower decay is very 
close to the average decay of the primary charge separated state [Pvoo^Aq’] and the population 
of the first substantially irreversible charge separated state [P700 Af]. This indicated that the 
kinetic of depopulation are strongly influenced by stable charge separations, but, at the same 
time, the antenna size influences the excited state lifetime. Thus, both of these factors 
contribute significantly to the excited state dynamics. 

3.2.1. Effect of the Dimension (Number of Sites) in the External Antenna System 

In order to address the effect of the antenna size on the excited state lifetime, we have 
performed a series of simulations in which all the rate constants have been kept to the fixed 
value determined for the PS I Iso-200 model, but the external antenna size was varied from a 
value of 40 and up to 200 molecules. The equilibrium constant for the [Ankore ]/[AntBuik ] 
singlet state transfer reaction was scaled according to the Boltzmann population, which for 
iso-energetic compartments simply correspond to the ratio of the sites degeneracy. The initial 
populations were also scaled implying the same rationale. Figure 8 describes the population 
evolution of the [Antauik ], [Anteore ] and [RC ] compartment as a function of dimension of 
the external antenna size. From simple inspection of the population evolution, it appears that 
the depopulation of the antenna compartments becomes progressively slower with the 
increase in external antenna dimension. A parallel decrease in the maximal population of the 
[RC ] compartment is observed. For instance the concentration of [RC ] is approximately 
halved when the size of the external antenna is increased from 40 to 120 isoenergetic sites. 
The effect is less pronounced upon further increasing the antenna dimension up to 200 Chi 

molecules. Figure 9 shows the dependence of the average decay lifetime (Xav and ) of the 

[Antfiuik ] and the [Anteore ] compartments. These values are compared to those of the slower 
lifetime, which is generally discussed in terms of excited state trapping. All these parameters 
are shown to scale in almost linear fashion with the dimension of the antenna, which therefore 
impose a sizable limitation to the trapping. However, this constrain is not of purely kinetic 
origin. In fact, in all these simulations the values of the rate constants associated with charge 
separation and further electron transfer reactions are kept constant, and so are the energy 
transfer rates from the core antenna to the RC excited state compartment. Energy transfer 
amongst the antenna compartment is also rapid, taking place in a sub-picosecond time scale. 
Indeed the lifetime principally related to singlet state transfer becomes faster as the antenna 
size increases (xi 559 fs (nbuik=40) to 395 fs (nbuik =200); X 2 1.34 ps (nbuik=40) to 0.98 ps(nbuik 
=200) ). The observed slowing down of the antenna decay is almost purely due to statistical 
thermodynamic reasons. That is, the equilibration of [RC ] with the core ([Anteore ]) and the 
external antenna excited state is ultra- fast, occurring in the 0.400-1.5 ps time scale. Therefore, 
the concentration of singlet excited state in the RC decreases in increasing the size of the 
antenna. The lengthening of the longer lifetime (xs) arises from the eigenvalue being a 
combination of all the rate constants in the kinetic systems, thus not reflecting any particular 
reaction, unless in the case the rate appear only in the diagonal of rate constant matrix K 
(Equation [6]). 
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Figure 8. Population evolution of the external antenna [AnttmU; ] (solid squares), core antenna [Ant^ore ] 
(open circles) and reaction centre [RC*] (dot-centred triangles), in model with different dimensions 
(nbuik) of the external isoenergetic antenna. Note the semi-logartmic scale. 

The conclusions obtained here are in substantial agreement with those of Engelmann et 
al. (2006), Gobets and van Grondelle (2001) and Ihalainen et al. (2005b). However, it should 
be taken into consideration that, in an actual PS I:LHC I super-complex, the energy of 
external antenna, excluding the presence of “red forms” is slightly at higher energy than the 
core, due to binding of Chi b. For instance in the case of Chi a/h-binding LHC II complexes, 
it was estimated that the energy gap with the PS II core is about 0.3 k\,T (Jennings et al. 
1993). Precise estimates for this equilibrium between LHC I bulk pigments (i.e. excluding the 
low energy sites) and the core have not be performed yet. However, in view of the similarity 
of the absorption property of the bulk Chi of the antenna (Croce et al. 1996, 1998), the Chi 
a/b stoichiometry in LHC I (Croce et al. 1996, 1998), and the number of pigments in PS II 
core (~40) and PS I core (~80), in relation to LHCs (olhc ii~160; Olhc i~120), the (shallow) 
funnel of energy from the external antenna complex to the core, which would mitigate the 
effect of increasing the pigment sites observed in the present calculations, is not expected to 
have a dominant effect. Obviously, the results of the simulation should be considered with 
caution, as the physical system is simplified, and, until now, only an iso-energetic antenna has 
been considered. Nevertheless, the general trend is expected to be maintained, while the 
actual values might vary depending on the sophistication of experimental measurements and 
numerical analysis. The effect of pigment absorbing at longer wavelength that the reaction 
centre, hence laying at lower energy, which are a peculiar characteristic of PS I will be 
discussed in the successive paragraph. 
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Figure 9. Dependence of the averaged decay lifetime (Xav) of the external antenna ([Antsk ], Squares) 
and the core antenna ([Antcore*], Cicles), and the longest lifetime component in the kinetic of the PS I- 
ISO-antenna models (i 5 _ Triangles), on the number of sites (Ubuik) in the external antenna compartment. 
Solid lines are linear fits which serve as a guide for the eye. 



3,3, Exciton Traps in the Peripheral Antenna System 

Exciton Traps (Long Wavelength Chi a Absorption Form) in the External Antenna 
As mentioned in the introduction the antenna of PS I contains Chi a spectral forms which 
absorb at wavelengths longer than the reaction centre (>700 nm), and which are generally 
known as “red Chlorophylls” or “red forms”. The fluorescence emission of these long 
wavelength chlorophyll forms is even more obviously red-shifted, due to very large values of 
the Stokes’ shift (Jennings et al. 2003a, Zucchelli et al. 2005, Croce et al. 2007). In LHC I, 
the principal emission forms are observed at 713 nm and 730 nm, and are shown to be 
associated with the Ihca 1 and the Ihca 4 complexes. Thus in order to describe the kinetics of 
energy and electron transfer in a quasi-realistic model, it is required to take into account a 
minimum of two low wavelength chlorophyll pools, which will be refereed to as F 713 and 
F 730 . We notice that the precise wavelength of emission varies amongst difference species. 
However this would not affect the qualitative outcome of the calculations. The energy transfer 
between these two red chlorophyll forms is weak, as proven by their independent emission 
even at very low temperatures (4-10 K) in isolate complexes (Ihalainen et al. 2000). Thus, as 
shown in figure 10 it is sufficient to include the coupling of F 713 and F 730 with the bulk of the 
external antenna, which is, for consistency with the previous kinetic models discussed in the 
this study, considered as a separate compartment. We notice that this is a point of distinction 
with respect to other kinetic analysis present in the literature where the bulk and the core 
antenna are considered as a single unit. As, spectrally, the inner and the bulk of the outer 
antenna are very similar and energy transfer between the two “physical” compartments is fast, 
in principle our approach and that of previous investigation are equivalent. All the other 
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compartments shown in figure 10 are the same as those described in the preceding 

paragraphs. We have performed the calculation by constraining the value of all the rate 

constants, but those connecting [F713] and [F730] with the bulk, to the values obtained the “PS 

I Iso-200” kinetic model. The rate of repopulation of the two red Chi pool are determined by 

the Boltzmann distribution, weighted for the degeneracy levels that are « 73 o =2 and ?jf 713=6 
* 

with 80 sites the [Antbuik ] compartment. Again, these figures are indicative, but within the 
range of values reported in the literature (Croce et al. 1996, Croce et al. 1998). This is then a 
kinetic model in which the “photochemical” and the “exciton” trap are not located in the same 
compartment, which is the main conceptual difference with respect to the calculations of 
figure 4-9. 
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Figure 10 . PSI -200 Model. A; Kinetie model mimieking the PS 1-200 eomplex. The eore is eoupled 
with an isoenergetie external antenna of the same dimension and two “red form” eompartments, F713 
and F730. Also shown are the numerical values of the rate constants (in ns'*) and the number of sites in 
each compartment (n). B: Population evolution of the compartments describing the primary 
photochemical events and antenna de-excitation processes in the PS 1-200 model; [F730 ], violet dash- 
line small-circle; [F713 ], gold dash-line small-circle; [Antbuik ], solid magenta line; [Antcore ], solid 
crimson line; [RC ], solid red line; [P700 Aqa ], dark-blue dash-dotted line; [P7oo^Aob'], dark-cyan dash- 
dotted line. 

The fluorescence decay in PS 1-200 complexes isolated from higher plants is generally 
described by at least three decay components in the range of 10-15 ps, 30-50 ps and 60-120 ps 
(Turconi et al. 1996, Gobets and van Grondelle 2001, Holzwarth et al. 2003, 2005, Ihalainen 
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et al. 2005a, 2005b, Melkozemov et al. 2000a, 2004). Faster components in the range of 1-5 
ps have been also reported, especially when using high-temporal resolution streak-camera 
detection (lhalainen et al. 2005a, 2005b, 2007), even though they have also been observed 
with the traditional single photon timing technique (Slavov et al. 2008). This fast component 
is also observed in the core and his nature has been already discussed. Therefore, we 
concentrate on the most long lived, ~35 ps and ~80 ps, lifetimes. The Decay Associated 
Spectra (DAS) of the two long lived lifetimes are all positive throughout the emission spectra. 
This is in principle unexpected as only the DAS associated with the longer lifetime should 
display all positive amplitude. Moreover, the DAS of the ~30 ps and ~80 ps component are 
markedly red-shifted compared to that of fast decay component, peaking in the 720-740 nm 
range (Croce et al. 2000, lhalainen et al. 2005a, 2005b, Engelmann et al. 2006). It has been 
shown that the long emission tail of these two DAS can be satisfactorily described by the 
emission band-shape of the Fyo and F735 forms, obtained by their direct excitation in isolated 
LHC 1 complexes (Zucchelli et al. 2005, Jennings et al. 2003), at room temperature 
(Engelmann et al. 2006). The presence of red-shifted DAS associated with long living 
lifetime components determines a continuous spectral evolution throughout the excited state 
decay (Croce et al. 2000), which is monitored by a progressive red-shift of the time-resolved 
emission spectra. This is in contrast with the postulate of a purely trap limited model, which 
assumes ultra-fast excited state equilibration, for which the spectra evolution should be 
completed before trapping occurs. However, this observation does not exclude kinetic 
bottlenecks imposed by photochemistry, but highlights the importance of exciton dynamics in 
the antenna. 

In our simulations, which are also shown in figure 10, we aimed at reproducing the 
presence of two lifetimes in the order of ~30 ps and ~80 ps, which should be clearly observed, 
i.e. the value of the eigenvectors should be fractionally large, on the population dynamics of 
the F713 and F730 compartments. We obtain lifetimes (also reported in figure 10) of 25 ps and 
96 ps, which are kinetically satisfactorily. We also compute three lifetimes in the 5-15 ps 
timescale (figure 10). A lifetime of ~10 ps is observed by fluorescence measurements by all 
laboratories who have investigated the excited state dynamics of intact PS 1 (cite i.e. Turconi 
et al. 1996, Holzwarth et al. 2003, 2005, lhalainen et al. 2005a, 2005b, Melkozemov et al. 
2000a, 2004). A shot lifetime component of ~3-5 ps was also detected in several 
investigations (Holzwarth et al. 2003, lhalainen et al. 2005a, 2005b, Slavov et al. 2008,). 
Thus, qualitatively, the excited state dynamics of the PS 1-LHC 1 super-complex are 
simulated satisfactorily. 

The average decay lifetimes of the [F713] and [F730] are in the ~60 ps and ~ 96 ps 
respectively, so that most of the excited state population resides in these antenna 
compartments despite their low stoichiometric abundance (less than 10% of the total Chl^+b). 
The average lifetimes of the bulk external and the core antenna are 17.0 ps and 15.9 ps, 
respectively. Hence, they are not largely modified in respect to the value obtained in the 
simulation of an iso-energetic system deprived of red-forms, i.e. 15.9 ps and 14.5 ps. 

However, tav of the core antenna coupled to an external antenna is almost two-times larger 

* 

than for the core antenna alone (lav =8.7 ps). The kinetics of [RC ] de-excitation calculated by 
coupling of two red emission pool to the external antenna gives a value of =15.5 ps, in PS 

1-200 model compared to ~ 25 ps in PS 1 lso-200. The effect on the population decay is larger 
when the first moment is considered, as it is 67.7 ps in the PS 1-200 model, while it was 22.5 
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ps in the PSI-Iso200 and 13.6 ps in the core. The maximal population of [RC ] is 0.10 in the 
PSI-200 model, which includes the red form, and it was 0.14 in the Iso-200 kinetic model. A 
larger decrease in the population of [RC ] is computed by integration; the normalised 
integrated population has a value of 0.05 in the PSI-200 model, while it was 0.16 in the PSI- 
Iso 200 an 0.3 in the core, in the absence of external antenna. The depopulation of the primary 
radical couples [P 700 Aqa ] and [P 700 Aqb ] is also lengthened to values of 29 ps and 23 ps 
respectively, compared to 22 ps and 18 ps calculated in the PS I Iso-200 model (i.e. almost a 
factor of 1.3 difference), using the same constants for electron transfer reactions. Comparing 
the first moments of the population evolutions, the mean value is found at ~65 ps, which is 
almost 3 times larger than in the core and the PS I-Iso 200 models. This is because the ~100 
ps lifetime, which is brought about by the coupling of [F713] and [F730] is the most significant 
component in the depopulation of these radical pairs. Thus, it is straightforward to deduce that 
the red forms have a role in determine the kinetic of formation of a meta-stable charge 
separated state: coupling a small pigment population to the antenna (10%) has kinetically 
almost the same effect as that of doubling the antenna size. The precise increase in decay 
lifetime (that in our simulation is slightly on the long tail of the values reported in the 
literature) and the population levels would depend on the particular choice of rate constants. 
Therefore, care should be taken not to over-emphasise the quantitative outcome of the 
simulations. Nevertheless, predicted trend should hold true, provided that the rate constants 
are physically sound. For instance, notice that the description of figure 10 is not fully 
consistent with the experimental results. The values in the eigenvectors associated with the 28 
ps component are not all positive, so that the DAS associated with it would also have negative 
amplitude. Significantly, the negative eigenvectors is associated with F 713 , so that the DAS of 
this simulated component should display negative sign at these wavelengths, while the value 
is large and positive in the measurements (Croce et al. 2000, Ihalainen et al. 2005a, 2005b, 
Engelmann et al 2006, Slavov et al 2008). It is worth noticing that using a similar kinetic 
model, but considering a unique compartment for the core and the bulk of the external 
antenna, Slavov et al. (2008) also found a negative value of the amplitude of the ~30 ps 
component for the compartment that, in their model, is equivalent to our F 713 but a fully 
emissive DAS in the measurements. 

In order to address exactly this problem of two fully emissive DAS Jennings and co- 
workers (Engelmann et al. 2006) advanced the suggestion that two spectrally similar but 
kinetically heterogeneous populations of F 730 are bound to the external antenna. The apparent 
rate of transfer from one of the two F 730 populations is about four fold slower than for the 
other (Engelmann et al. 2006). This might indicate a slightly different “environment” (i.e. 
pseudo-lattice structure and/or number of neighbour pigments), as the overlap between this 
Chl(s) and that “average” bulk chlorophyll should be virtually the same. We have explored 
the suggestion of Engelmann et al. (2006), introducing a third compartment ([F 730 B]), which 
describes the heterogeneity of red-most Chi form (figure 1 1). The results of the calculations 
performed both for a “non-selective excitation” (linear scaling of initial populations) or 
“selective excitations” in the [F730] and [F730B] forms are shown in figure 12. The two long 
living components in the picosecond time range are simulated easily by this extended antenna 
model, using the constants reported in figure 1 1 . The precise values of the longer living decay 
components are 28.0 and 87.5 ps. However, even including the presence of a second F 730 
compartment (i.e. [F 730 b]), our calculations fail to reproduce two fully emissive DAS, as a 
negative value of 28 ps component is computed for the slow transferring [F 730 B] 
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compartments. We notice that the values for the equilibrium constants of [F730] and [F713] 
energy transfer to the bulk antenna ([AnGu^*]) are virtually the same as those previously 
(Engelmann et al. 2006) after the appropriate correction for the sites degeneracy. These 
authors (Engelmann et al. 2006) found that, for energy transfer reaction from each of the red- 
forms to the bulk, the equilibrium constant is >1 (i.e. ~1.1). This is mirrored in our 
calculations where the value of the equilibrium constant are in the 1. 7-2.1 range, due 
considering the coupling to a bulk of antenna which has about half the sites of the sum of the 
core and the external antenna pigments. The equilibrium parameters relating the F713 
compartment (or its equivalent in the model) used in the present simulations are also in 
agreement with those of Slavov et al. (2008). On the other hand, the equilibrium constant for 
energy transfer from the red-most forms differ by a factor of ~2. Beside the precise numerical 
values, this has the effect that the transfer from the red-most antenna pigments to the bulk is 
faster than the transfer to the red-form, while they are slower in the calculation of Engelmann 
et al. (2006) (as ^eq~l5 they have almost the same value) and those presented here (almost 2 
fold). These differences can be easily explained by the assumption of slight differences in 
energy of the pigment sites (A£) and/or pigment stoichiometry. Particularly, the energy gap 
appears on the exponential of the Boltzmann distribution determining the equilibrium 
constant, so that small variations in AE can cause a few fold increase (or decrease) in K^q. 
Thus, even starting from substantially identical initial assumptions, some (apparently) 
significant discrepancies might arise from specific numerical value used in the calculations. 
Obviously, the direct comparison and possible direct link (i.e. fitting) to the experimental data 
is, whenever possible, the preferable strategy. For the calculations discussed here, we limit to 
observe that, after simple weighting for the site degeneracy, even assuming the same energy 
gap of Slavov and coworkers (Slavov et al. 2008) the value of Keq would be larger than 1 . 

The actual energy transfer rate constants, in the random walk framework (see Equation 
1), also scales with the number of pigments in the transfer compartments. Thus, when 
splitting the antenna compartment into two, {Antcore ] and {Antsuik ], the relative 
stoichiometric increase in size for the red-forms is sizable so that the macroscopic rate of 
energy transfer to the Bulk from [F730], [F730B] and [F713], increases by a factor of ~2, while 
the transfer from the red forms to the a separate Bulk compartment or the a single “core-bulk” 
antenna remains virtually the same (which agrees with the purely thermodynamic scaling). 
The invariance of the rate transfer of the reaction F[;^]^F[buik] holds true for any conditions in 
which n„ » n„ , where nv is the number of sites in the compartments. This allows 

comparing the values for the rate constants used in different studies on PS I as the large 
number of antenna pigments with respect to long wavelength emission forms is always 
matched. For [F730] and [F730B] we used the value of 60 ns'' and 28 ns'*. Jennings and co- 
workers (Engelmann et al. 2006), indicated rates of 45 ns'* and 14 ns'*, while the one given 
by Holzwarth and coworkers (Muller et al. 2003, Slavov et al. 2008) for the red-most form in 
their model was 36 ns'*. In the model in which we included a single [F730] compartment we 
used a value of 24 ns'*. Clearly, the rates used in this study are similar, but not identical, to 
those used by others. In particular the value for the “slow transferring” rate from F730 is 
essentially twice as large as the one given by Engelmann et al. (2006). Nevertheless, even 
using exactly the same values as those reported by this authors we failed to obtain two 
eigenvectors with all positive entries associated with the two longer lifetimes. Surely, this 
does not disprove the suggestion of Jennings and coworkers (Engelmann et al. 2006), but 
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highlights how the precise value of energy transfer constant amongst all the compartments 
describing PS I is relevant in reproducing this characteristic feature of the excited state 
dynamics. The values of the rate constants which do not involve coupling with the red forms 
were proven to be substantially robust; varying by a trial-and-error procedure the figures in 
the range of ±30% did not greatly affect the outcome of the calculations. The other significant 
exception to this rule, was the value of the electron transfer from [P 700 Aqa/b ] to the 
successive radical pair, i.e. the effective “output(s)” of the system. 
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Figure 1 1 . 1 Extended PSI-200 Model. A; Kinetic model describing the PS 1-200 complex in which the 
core is coupled with an isoenergetic external antenna of the same dimension and three “red form” 
compartments; F 713 and two heterogeneous forms of F 730 . Also shown are the numerical values of the 
rate constants in units of ns"', the number of sites in each compartment (n) and the resulting lifetimes. 

An alternative interpretation for the presence of two fully emissive DAS resides in an 
heterogeneity amongst single PS I complexes. So that, in some centre the transfer from [F730] 
to the Bulk is faster than the other. These two populations behave independently, so that each 
of them would display a fully emissive DAS, and two are observed for the ensemble. This 
presumed heterogeneity might be trivially an “artefact” induced by the purification procedure 
employed to purify the complexes. It is otherwise possible that it originates from an effective 
heterogeneity in the biochemical composition of the external antenna, for instance different 
proportions of the single LHC I complexes, yielding different “red form” stoichiometry per 
centre. This might represent an adaptation to specific light conditions or to the gradient of the 
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light intensity and spectral composition through a vegetation canopy. Clearly, such 
proposition is speculative and would need experimental validation, for instance by single 
particle spectroscopy, or studying complexes isolated from plants grown under different light 
conditions so to modulate (in the hypothesis framework) the abundance of “red forms” in the 
external antenna. 
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Figure 12 . Population evolution of the compartments describing the primary photochemical events and 
antenna de-excitation processes in the extended PS 1-200 model presented in Figure 1 1 , computed for 
non-selective excitation conditions (A) and selective excitation of the red-most Chlorophyll form (B). 
Also shown are the computed lifetimes. [F730B ], magenta dash-line small-circle; [F730 ], violet dash-line 
small-circle; [F713 ], gold dash-line small-circle; [Antb^n^ ], solid magenta line; [AnCore ], solid crimson 
line; [RC ], solid red; [P700A0A ], dark-blue dash-dotted line; [P700 Aqb ], dark-cyan dash-dotted line. 

Nevertheless, it is worthwhile examining the outcome of the calculation which takes into 
account a heterogeneous population of long wavelength emitting pigment at ~730 nm, 
because that does, effectively, diminish the impact of the less red-shifted forms (i.e. F 713 ). The 
average decay lifetime of the [F 730 ] and [F 730 B] are 87 ps and 66 ps and that of [F 713 ] is 58.6 
ps. This agrees with the experimental observation of a lifetime gradient throughout the 
emission bandwidth (Croce et al. 2000 Engelmann et al. 2006). The average lifetime spread 
across the fluorescence spectrum is predicted also by the simple model considering only one 
“red-most” pigment but, in the simple case scenario, the gradient is steeper. The average 
decay of the the bulk external and the core antenna are 17.3 ps and 15.8 ps, which are the 
same for either a system considering single [F 730 ] form, or red-forms deprived (like the “PS I 
Iso-200” model). The dynamics of population of [RC ] is virtually unaffected ( = 0.96 ps), 

as so is the de-excitation, =16 ps, which is the (reversible) primary radical pair formation. 

On the other hand the decay of the primary radical couples is significantly slowed down in 
our model calculations. [P700 Aqa ] depopulates with average rate 52.5 ps and [P700 Aqb ] of 
41 ps. Comparing these values with, 29 ps and 23 ps (for AoA-and Aqb' respectively) obtained 
in the simple model considering a single F 730 form and 22 ps and 18 ps, calculated the PS I 
Iso-200, it appears that the effect of proposed antenna heterogeneity on the population of the 
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(virtually) irreversible radical pair [P700 Af] are large. To further explore this aspect we have 
also repeated the calculation using initial conditions equivalent to initial populations in the 
two red-most pigments only (figure 12 B). Thermodynamically, these represent a “worst case 
scenario” as the excited stare equilibration, and the energy transfer from the trap, is largely 
uphill. In our calculation these conditions produce an “inversion” of the lifetime gradient, so 

that the are 66.4, 45.7, 72.2, 87.5, 78.7 and 62.6 for [Fvjob], [F730], [F713], [AniBuik], 

H: 4: 

[Acore] and [RC ] respectively. The most sticking effect is observed on the dynamics of [RC ] 
population which are lengthened by a ten-fold factor, i.e. ~10 ps compared to 1 ps for non- 
selective excitation. This “delay” can be interpreted as the time that it takes from the 
excitation to reach the RC from initially it is F 730 . The decay is also lengthened by a factor 5, 
so is the maximal [RC*] maximal population. The rate of population of the primary radical 
pair is in consequence lengthened to ~15 ps for both [P 700 Aqa/b ] radical pairs. Due to the 
retardation in reaching the maximal population brought about by excitation in the red Chi 
forms, the time of transfer from this radical pair to [P 700 Ajab ] it is preferable to compare the 
fist moments of the population evolution (i.e. this is equivalent to tm value), which are ~1 10 
ps. For “homogeneous” excitation the values are ~95 ps, which is about 10-15% more rapid 
than upon selective excitation. This simple approach shows how the red forms not only play 
in role in determining the observed lifetimes, lengthening the formation of a “stable” (that is 
in the tens of nanoseconds time scale) charge separated state, but also induce an heterogeneity 
of the average time of electron transfer depending on the energy of the absorbed photons 
(each photosystem absorbs a photon of a certain energy at the time, thus only the “average” 
value is observed from the population). This is interesting under the photochemical point of 
view, but it is unlikely to play any significant physiological constrain, as the rate of the 
reaction which are affected the red forms are still “fast” with respect to those of successive 
electron transfer steps (see figure 4B) that occur in tens of nanosecond or longer, and with 
respect to any diffusion process in the photosynthetic membranes which are typically in the 
order of hundreds of microseconds. 

Unless the quantum efficiency is not excessively affected (it will be discussed 
successively in conjunction with the cyanobacterial reaction centre), the “purely kinetic” 
limitation of the energy and electron transfer induced by the presence of the red-form would 
be more than balanced at steady state condition, by the ability to absorb photons at the low 
energy limit of the visible spectrum and the near infrared, especially under condition when 
the majority of the Photosynthetic Active Radiation is limited in other spectral region. This is 
the case, of shading by a layer of vegetation, a condition that commonly occurs in Nature. For 
instance in a free, most leaves would experience light filtered, to some extent, by the more 
external vegetation shields. Thus, through the canopy, there would be a large spectral gradient 
with progressive qualitative increase in “far-red” light. This is precisely the reasoning of 
Rivadossi et al. (1999) which shows how, under such conditions, the red-forms represent a 
significantly large fraction of the effective optical cross-section of the photosystem. 

It was recently suggested that the red-forms might play a role in the photo-protection of 
PS I, i.e. somehow preventing the system to form photochemical processes in the antenna 
which might lead to the production of reactive oxygen species (cite Slavov et al. 2008). We 
think that this suggestion is, to say the least, unlikely. Firstly, the red form increases the 
excited state lifetime, and as result, the fluorescence quantum yield of all the Chi in the 
antenna. As photochemical reactions are proportional to the excited state level, then the 
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increase in fluorescence yield would bring about an increase in “potential harmful” side 
reactions. The same holds true for the population of the triplet state, as the intersystem 
crossing rate from the singlet state is an intrinsic property of the chromophore. Thus, 
decreasing the photochemical quenching and increasing the singlet excited state level would 
increase the yield of triplet formation as well. Actually, the red forms are well coupled to 
carotenes (Santabarbara and Carbonera 2005, Carbonera et al. 2005), which efficiently 
quench the excited triplet state to prevent photo-inhibitory reactions. This process was 
initially observed in intact thylakoids at temperatures approaching 1.5 K (Santabarbara and 
Carbonera 2005), while it is undetectable at room temperature (Jaforfi et al. 2000). This is 
because at low temperature, the steady state population of F730 increases dramatically because 
of the Boltzmann factors and most of the excited state resides in this pigments, and it is 
decoupled from photochemistry (i.e. not quenched). However, the observation of efficient 
F730 triplet quenching in substantially intact system as the thylakoids (Santabarbara and 
Carbonera 2005), imply that the antenna has in place strategy to avoid possible reaction 
leading to photo-inhibition, and are specifically associated to the presence of the red-forms in 
the antenna. 



3,4, Exciton Traps in the Core Antenna 

Differently from the case of higher plants, in cyanobacteria, which lack membranous 
antenna systems, the long-wavelength chlorophyll forms are associated with the core 
complex. Analysis by high-resolution optical spectroscopy show the presence of at least two 
red forms in PS I core, one absorbing at 708 nm is almost ubiquitous and found in preparation 
from several strain, as well as monomeric and frimeric form of the complex (Kruip et al. 
1994, Karapetyan et al. 1999). The maximum of emission of the 708-nm absorption 
Chlorophyll is approximately 5-6 nm red-shifted, i.e. at ~7 10-7 15 nm (Goberts et al. 1994). 
The second red absorption-emission Chlorophyll pool shows great variability depending on 
the species investigated, for instance the emission maximum is at 725 nm, in PS I from 
Synechocystis sp. PCC 6803, at 730 nm in trimers of Synchococcus elongatus, and even 
further shifted toward lower energy (~750 nm) is PS I trimers of Spirulina platensis 
(reviewed by Gobets and van Grondelle 2001). The number of pigments associated with the 
red emitting pool seems also to be variable, in between 2-4 for the ~7 1 0 nm emissions and 4- 
8 for the red-most form (Gobets et al., 1994, Palsson et al. 1998, Ratsep et al. 2000, 
Zazubovic et al. 2002). To investigate the effect of the coupling of a red-emission pool to 
core complex it would be, in principle, sufficient to consider the red-most emitting form, 
especially because the 708-nm pool is almost iso-energetic with RC. However, Gobets and 
CO workers (Gobets et al. 2001, 2003, 2003b) performed an extensive and detailed 
experimental characterisation of the fluorescence kinetics in the PS I particle purified from 
cyanobacterial strains and needed to include at least two red chlorophyll pools in the analysis 
of the results, employing kinetic models of an increasing degree of complexity, including 
compartmental (Gobets et al. 2001, Gobets and van Grondelle 2001, Gobets et al. 2003a, 
2003 b) and structural based (Gobets and van Grondelle 2001, Gobets et al. 2003b) 
calculations. It is also worth noticing that Ihalainen et al. (Ihalainen et al. 2005a, 2005b) 
suggested that the 708-nm absorption form might be present in the core of higher plants, as 
well as in cyanobacteria. Thus, in order to allow a direct comparison of the calculation 
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outcome in this study and those of Gobets et al. (Gobets et al. 2001, Gobets and van 
Grondelle 2001, Gobets et al 2003a, 2003 b) we will consider a F 712 compartment, associated 
with the 708 nm absorption, and a F 725 compartment. The latter value was chosen as it 
represents a “median” amongst the spread of values reported in the literature. The principal 
difference between previous model investigations of core complexes coupled to the red- 
chlorophyll form, and those presented here, is that we explicitly consider a reversible radical 
pair, while photochemistry was treated as an irreversible excitation “output” of the singlet 
excited state before. Moreover, Gobets and coworkers (Gobets et al. 2001, Gobets and van 
Grondelle 2001, Gobets et al. 2003a, 2003 b) included a direct trapping rate from the red- 
form, which we do not consider in our calculation (where it should be a coupling of [F 712 ] and 
[F 725 ] to the [RC*] compartment). 

The fluorescence decay in the PS I core particles from cyanobacteria is generally 
described by at least three lifetime components of ~1 ps, -10-13 ps and -22-40 ps. The latter 
shows the greatest variability amongst particles purified from different strains, the larger 
values being observed in core binding the most red-shifted Chlorophyll forms (Gobets and 
van Grondelle 2001, Gobets et al. 2003a). This was one of the observations which pointed 
toward the formulation of the fransfer-to-frap limited model for primary charge separation in 
PS I. 



712 



n=4 ' 



725 



n=2 ' 



|l 



140 T145 



)t 



88 M88 



Ant Core* 



n=80 



476 818 



RC* 



n=6 



175 



14.5 



“PS I Core Cyanobacteria” Model 





- 0.0334 


- 0.0265 


0.2760 


- 0.2709 


0.0307 


0.0311 




- 0.2449 


- 0.2230 


0.4323 


0.2699 


- 0.1380 


- 0.1470 


M = 


- 0.1087 


0.1157 


0.0174 


0.0066 


- 0.0300 


- 0.0622 




- 0.0046 


0.0007 


0.0002 


0.0006 


- 0.0056 


0.0392 




0.0070 


0.0009 


0.0004 


- 0.0006 


- 0.0498 


- 0.0045 




0.4076 


0.1752 


0.1427 


0.0636 


0.1931 


0.1433 


k = f 


0.907 


2.56 


8.63 


10.5 


13.4 


29.3 



65| 




Figure 13. Cyanobacterial Photosystem I Core Model. A; Kinetic model mimicking the core complex of 
Cyanobacteria. The core antenna is coupled to two red-forms, with emission maxima at 712 nm and 
725 nm, labelled [F 712 ] and [F 725 ]. Also shown are the numerical values of the rate constants in units of 
ns'', the number of sites in each compartment (n) and the resulting lifetimes. B: M; Matrix of the 
eigenvectors computed for initial population in the internal antenna only. X\ vector of the inverse 
eigenvalues (units ps). 



A kinetic scheme capable to simulate qualitatively the results of the ~1 ps, 15 ps and 30 
ps lifetimes detected in the experiments, is shown in figure 13 together with the rate 
constants, the lifetimes and the matrix of the eigenvectors, calculated for initial excitation 
proportional to the stoichiometry of the chromophores in each compartment. This corresponds 
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to the unselective excitation in the Soret absorption band used in the time resolved 
experiments. The simulations (figure 14) results in a fast component of 2 ps, a series of 
components in the 5-15 ps range (8ps, 10.5 ps, 13.5 ps) and a long living component of 29.3 
ps. Clearly, the simulated lifetimes are qualitatively in agreement with the measurements, but 
their number is in excess to those observed experimentally, and it is due to the considering a 
larger number of compartments with respect to the direct analysis of the fluorescence lifetime 
decay. However, we want to highlight that the 3 components in of ~ 10 ps, would probably be 
treated as a single lifetime in the experiments, and that structure based simulations predicts a 
large number of decays in this time range (Gobets and van Grondelle 2001, Gobets et al. 
2003b, Damjanovic et al. 2002, Byrdin et al. 2002). Moreover some variation in the value of 
the lifetime is observed upon selective pigment excitation (Gobets et al. 2003 a). The value of 
the decay lifetime is not expected to change for system of coupled compartments, as the 
eigenvalues of the systems are independent from the initial conditions. Thus the experimental 
scatter of lifetime in this temporal range indicates the presence of either more components, as 
our simulation approach seems to suggest, or a particularly broad distribution of lifetimes. 
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Figure 14 . Population evolution of the eompartments deseribing the primary photoehemieal events and 
antenna de-exeitation proeesses in the cyanobaeterial PS I eore model evaluated for non-selective 
exeitation eonditions (A) and selective excitation of the red-most Chlorophyll form F725 (B). Also 
shown are the computed lifetimes. [F725 ] violet solid-line small-circle; [F713 ] gold solid-line small- 
circle; core Antenna ([AnCore ]), solid crimson line; [RC ], solid red line; [P700 Aqa ], dark-blue dash- 
dotted line; [P700 Aqb ], dark-cyan dash-dotted line. 

The average decay of the excited state in the antenna compartment is ~6.55 ps, with the 
major components having ultrafast character (980 fs and 2.6 ps). This agrees with the intense 
non-conservative DAS in the 1-5 ps range observed in several investigations (Melkozemov et 
al. 2000b, Gobets et al. 2001, Gobets et al. 2003a, 2003b). The largest depopulation of the 
antenna takes place as the energy transfer to the two red forms [F712] and [F725] which shows 
an average rise time of 2.38 and 4.2 ps. The slower rise of [F725] is the result of an 8 ps energy 
transfer, principally from F712. The de-excitation of both red forms are dominated by the 13 ps 
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and the 28 ps lifetimes, and yield average decay time of 29 ps and 21 ps for F 725 and F 712 
respectively. The reaction centre is populated in ~1 ps and depopulated in ~8 ps. These 
figures are similar to those obtained for the kinetic model of a core completely depleted of 
red-forms, and substantially reproduce the results of Muller et al. (cite). The two “parallel” 
radical pairs [P 7 oo^Aoa ] and [P 7 oo^Aob ] are populated in 6 ps and 4.5 ps respectively in the 
calculations, and decay to the population of the respective [P700 Aia/b ] couples in 25.4 ps and 
21.7 ps respectively. We notice that, as in the case of the PS 1-200 kinetic model and the 
models in which the red forms were not considered, the average decay of the antenna 
components is virtually the same as that of the [P700 Aq'] or, in other words, the formation of 
a meta-stable radical pair. The population of [P 7 oo^Ai‘] is characterised by a rate constant in 
the 65-85 ns'* range in our calculations, and similar values were reported by Muller et al. 
(2003), Holzwarth et al. (2005) and Slavov et al. (2008). This is only slightly faster than the 
“irreversible trapping” constant used by van Grondelle, Gobets and coworkers in a series of 
publications (Gobets et al. 2001, Gobets and van Grondelle 2001, Gobets et al. 2003a, 2003 
b, see also Melkozemov 2001, Savikhin et al. 2000 ), i.e. (18 ps)'*, which is 55 ns'* in the 
same notation used here. 

The comparison with the simulation performed using initial conditions which mimics the 
excitation of the F 725 compartment only (figure 14B), shows fhe same fendency described for 
fhe PS 1-LFIC 1 super-complex model when fhe red-mosf form only is excifed. Thai is, fhe 
gradienf of average lifetimes fhrough the emission wavelength is somehow “inverted”, i.e. the 
average decay of F 725 is 19 ps (29 ps upon unselective excitation), that of F 712 is 23 ps 
(unselective, 21 ps), that of the core antenna is 28.8 ps (unselective 6 ps). This is due to the 
relative increase in the amplitude of the 29.9 ps lifetime component in all the antenna 
compartments, when F 725 is directly excited. The more rapid decay of F 725 is explained 
because all the amplitude factor are positive (i.e. there is no transfer component to this 
compartment), so that the lifetimes in the ~10 ps range contribute significantly to its 
depopulation, while they mainly appeared as population functions for an homogenous (figure 
14B), or bulk-selective {not shown) initial conditions. The [RC ] compartment is populated 
with an average time of ~4 ps and the two primary radical pairs [P 7 oo^Aoa/b ] in ~13 ps. The 
decay of the secondary radical pair, as estimated by the first moment of the population 
evolution is in the order of 60-62 ps, upon selective excitation of F 725 while it was 49-56 ps 
for equally distributed excitation between the compartments (including [RC ]). In the core 
depleted of red-form we computed values of 23 ps and 26 ps for the depopulation of 
[P 700 Aob'] and [P 700 Aqa'] respectively (figure 4). Thus, even including a reversible radical 
pair in the calculation, the excited state migration has a substantial impact on kinetics of 
trapping. The simple coupling of a small number of pigments (n=2) responsible for the F 725 
emission per se yield almost a doubling of the average time it takes to the absorbed photon to 
be converted into a long lived charge separated state. This effect is enhanced when the red 
forms are excited directly, exactly as observed in the calculation for the PS 1-LHCl super- 
complex. In average, and within the limitations implicit in the formulation of the kinetic 
model described here, upon selective excitation of the red-most pigment, the reaction centre is 
populated on the same time-scale of ~15 ps in cyanobacterial-like PS 1 and ~10 ps in higher- 
plants-like system, when the red forms are located in the core antenna and the external, 
respectively. The ~50 % increase should not be excessively over-emphasised because 
experimental data on the cyanobacterial systems have not been directly tested with similar 
kinetic models. Flowever, the ability to reproduce with ease the published lifetime, and 
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overall dynamics, indicates that the calculations provide realistic, albeit not numerically 
precise, estimations. Then, considering that the overall antenna size is found ~2 smaller in 
cyanobacteria, the apparent increase p725^RC transfer might represent an important 
indicator on the factors leading to light harvesting optimisation. For instance, we notice that 
to reproduce the decay lifetimes (essentially for not selective excitation), we used a rate 
constant of energy transfer from [F725] to the core of 88 ns'*, which is somewhat faster, but 
comparable to the value of 55-65 ns'* found by Gobets et al. (Gobets et al. 2001, Gobets et al. 
2003a). The equilibrium constant is also the same, i.e. ~2, thus the simulations are directly 
comparable. We notice that, even with respect to the value reported by other research groups, 
the energy transfer from the red-most form to the substantially iso-energetic antenna 
molecules is about 2-4 faster in cyanobacteria. Assuming that the single-site energy transfer 
time (rh) is the same for F72s^Antcore and F73o^Antbuik, and that, at least in our case, the pure 
probabilistic factor is also the same (and however is not expected to change significantly in 
response to the number of molecules in the compartment larger in size, i.e. the [AnLore ] and 
[Antbuik ]), this highlights difference in the “local” (pseudo) lattice-structure, or in the number 
of the nearest -neighbour molecules. 



5. Conclusions 

Using a compartmental kinetic model which treats a limited and discrete number of 
functional components we have explored the factors which affect the rate and yield of 
reactions of the Photosystem I reaction centre. The dynamics of the singlet excited state and 
that of charge separation reaction were modelled in a system which mimics either a 
prokaryotic PS I reaction centre, as that of cyanobacteria, and that of eukaryotic organisms 
possessing a Chl-a/h transmembrane antenna, such as green algae and higher plants. We 
showed that it is possible to reconcile the experimental observation reported in the literature 
assuming the same primary reaction mechanism, and the same kinetic constant for the 
process. This is in agreement with recent measures which indicate that the primary trapping is 
reversible (Muller et al. 2003, Holzwarth et al. 2005, Slavov et al. 2008), as previously 
demonstrated for Photosystem II (e.g. Schatz et al. 1987, Flolzwarth et al. 2006, Miloslavina 
et al. 2006). The free energy for primary charge separation is in the order of -50-80 meV. We 
used an intermediate value of -64 meV which is, to a first approximation, adequate to 
describe the excited state dynamics independently from the specific characteristics of the 
antenna pigments. 

We also showed that, the longer decay lifetime observed in fluorescence measurements, 
and which is often described as a “trapping” component, is related to the population of the 
secondary radical pair. As this reaction is coupled with a large free energy (>- 1 80 meV), it is 
virtually irreversible, so that the secondary radical pair lifetime is in the tens of nanosecond 
range which is at least one order of magnitude larger than the intrinsic fluorescence de- 
excitation of Chl-pigment complexes (~1.5-2.5 ns). Thus, the use of the term trapping is 
semantically correct, but rather than referring to primary photochemical reactions, it relates to 
the a substantially irreversible charge separated state. Thus, primary charge separation does 
impose kinetic constrains on the excited state dynamics, as reversible reactions leads to 
repopulation of the RC excited state. For a system deprived of red forms the concentration of 
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4: 

excited state in the reaction centre (RC , obtained by integration of the population evolution) 
is very close to that expected in a system at thermal equilibrium, which indicates that the pure 
kinetic limitation of exciton transfer does not play a significant role in determining the 
effective charge separation rate due to the “draining” of singlet excited state population into 
the antenna pigments, imposed by the increase in site degeneracy. This is precisely the 
expectation for a random walk in an iso-energetic lattice which has been discussed in details 
by Perlastain (1982) and Valkunas and coworkers (Kudsmauskas et al. 1993). It is likely that 
the “slope” of the linear scaling is overestimated in our calculations, since, in Nature, the 
outer antenna complexes, bind Chi b which absorbs at shorter wavelength (higher energy) 
than Chi a, so that the energy transfer from the external antenna (excluding the red forms) to 
the core antenna is exergonic. For example, in the case of PS II the energy gap is ~8 meV at 
the room temperature (Jenning et al. 1993). 

Coupling of long-wavelength emitting pigments either to the core antenna, as it is the 
case of cyanobacteria, or the external antenna, as in the PS I-LHC I super-complex of higher 
plants, imposes an additional constrains to the kinetic of effective charge separation. The up- 
hill energy transfer reactions to the red-form cause a lengthening of the average fluorescence 
lifetime as well as of the population of a stable radical pair. The effect of the red-forms alone, 
as measured in the case of the model for the cyanobacterial core is comparable to that of 
doubling the size of an isoenergetic antenna. The apparent slowing down of kinetics imposed 
by the red-chlorophyll forms is of the same order of magnitude when considering the case of 
LHC I antenna system. In both cases the kinetic limitation on the trapping rate is explained by 
simple thermodynamic considerations; The energy gap between the bulk and the red form is 
large (~100 meV), so that even if the number of “red” pigment is small (i.e. less than 5-10% 
of total antenna dimension) the value of the equilibrium constant for the excited state 
equilibration with the bulk is large, i.e. ifeq~l-2. The further increase of the number of long- 
wavelengths would cause a further redistribution of the excited state towards the antenna, 
causing a decrease in population of the RC from which photochemistry is initiated. The 
relative slow rate of transferring from the Red forms to the antenna (note that the reverse 
reaction is dictate by the equilibrium constant) appears as a mean to prevent extremely rapid 
exciton trapping in the excited state which would out-compete the transfer to the reaction 
centre pigments. This extreme situation might be somehow recreated by exciting initially the 
red-most emitting forms only, which induces a “delay” in the population of RC in the order 
of ~10 ps, which is an order of magnitude slower than for homogeneous excitation of all the 
antenna sites. 

Nevertheless, the quantum efficiency of energy conversion in Photosystem I is well over 
95% even in the presence of red forms in the antenna. The effect of the red-form and that of 
increasing the antenna size on the excited state and trapping dynamics highlights the delicate 
balance that photosynthetic organisms had to face during evolution, as the need to capture a 
large number of photons and to maintain a high efficiency of primary photochemistry 
represents an unavoidable conflict. Such outstanding quantum efficiency indicate that these 
systems, and particularly PS I are substantially optimised in terms of energy transfer and 
electron transfer reactions, and represent an attractive model for the development of bio- 
mimetic photo-voltaic devices. 
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Abstract 

The cyanobacterium Spirulina is well recognized as a potential food supplement for 
humans because of its high levels of protein (65-70% of dry weight), vitamins and 
minerals. In addition to its high protein level, Spirulina cells also contain significant 
amounts of phycocyanin, an antioxidant that is used as an ingredient in various products 
developed by cosmetic and pharmaceutical industries. Spirulina cells also produce 
sulfolipids that have been reported to exert inhibitory effects on the Herpes simplex type I 
virus. Moreover, Spirulina is able to synthesize polyunsaturated fatty acids such as 
glycerolipid y-linolenic acid (GLA; C18:3'^^ '^’^), which comprise 30% of the total fatty 
acids or 1-1.5% of the dry weight under optimal growth conditions. GLA, the end 
product of the desaturation process in Spirulina, is a precursor for prostaglandin 
biosynthesis; prostaglandins are involved in a variety of processes related to human 
health and disease. Spirulina has advantages over other GLA-producing plants, such as 
evening primrose and borage, in terms of its short generation time and its compatibility 
with mass cultivation procedures. However, the GLA levels in Spirulina cells need to be 
increased to 3% of the dry weight in order to be cost-effective for industrial scale 
production. Therefore, extensive studies aimed at enhancing the GLA content of these 
cyanobacterial cells have been carried out during the past decade. 

As part of these extensive studies, molecular biological approaches have been used 
to study the gene regulation of the desaturation process in Spirulina in order to find 
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approaches that would lead to increased GLA production. The desaturation process in S. 
platensis occurs through the catalytic activity of three enzymes, the A^, and A^ 
desaturases encoded by the desC, desA and desD genes, respectively. According to our 
previous study, the cellular GLA level is increased by approximately 30% at low 
temperature (22°C) compared with its level in cells grown at the optimal growth 
temperature (35°C). Thus, the temperature stress response of Spimlina has been explored 
using various techniques, including proteomics. The importance of Spimlina has led to 
the sequencing of its genome, laying the foundation for various additional studies. 
However, despite the advances in heterologous expression systems, the primary challenge 
for molecular studies is the lack of a stable transformation system. Details on the aspects 
mentioned here will be discussed in the chapter highlighted Spimlina'. Biotechnology, 
Biochemistry, Molecular Biology and Applications. 



Biotechnological Aspects of Spirulina 

The development in the field of algal biotechnology started in the early 1960s in Japan 
with the culture of Chlorella [142]. During the same period, the discovery of Spirulina in the 
mid- 1 960s by Jean Leonard, a member of a French-Belgian expedition to Africa, contributed 
to the start of extensive studies which led to the present knowledge in the physiology, 
biochemistry and mass cultivation techniques for Spirulina. 

Spirulina has been used by the indigenous people in Africa and Mexico for centuries 
[20]. Spirulina is the only cyanobacterium, or blue-green algae, that is commercially 
cultivated for feed and food supplement. Besides the high content of protein, Spirulina also 
contains valuable chemicals such as y-linolenic acid (GLA), phycocyanin, (3-carotene and 
polysaccharides which were reported to have health benefit to humans. 

This part of the chapter will summarize the uses and benefits of Spirulina and mass 
cultivation techniques. 



1. Uses and Benefits of Spirulina 

Spirulina has been recognized as a potential food supplement for humans because of its 
high content of protein (65-70%), vitamins and minerals. Spirulina cells and extracts have 
been reported to act as anti-inflammatory, antioxidant and anti-cancer agents and have 
therapeutic actions against diseases such as hypercholesterolemia, These properties are 
probably due to the benefits of the unique compositions from Spirulina such as y-linolenic 
acid (GLA), phycocyanin and polysaccharides. Belay et al. (1993) reviewed the studies on 
potential health benefits, stating the limited published information at that time. In 2002, a 
more comprehensive review by Belay (2002) was published. Studies of the benefits to human 
health are summarized below. 

1.1. Hypercholesterolemic 

Devi and Ventakaraman (1983) were among the first to report their study on the 
reduction of serum cholesterol by Spirulina in rats [28]. Since then, many researchers have 
confirmed these findings in animals and humans. As summarized by Belay et al. (1993), most 
of the studies on the health-promoting effects were performed in mice or rats with few studies 
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in humans [10]. Torres-Duran et al. (1999) studied the preventive effects of Spirulina maxima 
on fatty liver development which was induced by carbon tetrachloride in rats [140]. They 
found that there was no difference in the concentration of liver lipids when rats were fed a 
diet supplemented with oil extract from Spirulina or defatted Spirulina when compared with 
the control group. A slight increase in the total cholesterol was observed in the group fed a 
diet containing oil extract. After the CCI4 treatment, total liver lipid and triacylglycerol 
concentrations were significantly lowered in both groups of rats fed a diet containing an oil 
fraction and defatted Spirulina. 

In an earlier study on humans, Nakaya et al. (1988) showed that taking 4.2 g/day 
Spirulina continuously for eight weeks significantly reduced low density lipoprotein 
cholesterol (LDL) (P<0.05) in fifteen male volunteers [91]. However, no significant 
difference in the level of high density lipoprotein cholesterol (HDL) was observed. In 
contrast, the results from the study of Ramamoorthy and Premakumavi ( 1 996) showed that 
supplementation with 4 g/day of Spirulina in ischemic heart disease patients significantly 
decreased the levels of blood cholesterol, triglycerides, LDL and VLDL cholesterol and 
increased HDL cholesterol levels [107]. 

A study of the role of Spirulina in the control of glycemia and lipidemia in type 2 
diabetes mellitus showed that supplementation with 2 g/day for two months in twenty-five 
subjects with type 2 diabetes mellitus resulted in an appreciable lowering of fasting blood 
glucose and postprandial blood glucose levels. Triglyceride levels were drastically decreased 
as were total cholesterol and LDL levels, but the HDL level was increased [102]. 

1.2. Antioxidant 

Generation of reactive oxygen species (ROS) in living tissues is a natural process. 
However, the imposition of stresses can aggravate the production of ROS [1], which, in turn, 
may lead to oxidative deterioration of cellular constituents and ultimately to cell death. 
Reactive oxygen species (ROS) are constantly being produced in cells through normal 
metabolic processes. Oxidative stress occurs when the balance of oxidants within the cell 
exceeds the levels of antioxidants present. An increased level of ROS can lead to the damage 
of macromolecules within the cell. The damage to lipids, proteins and DNA can raise the 
possibilities of diseases such as cancer. Many studies demonstrate that oxidative stress and 
ROS play an important role in the etiology and/or progression of a number of human diseases 
[16, 141]. Antioxidants are thus needed to prevent the formation and oppose the actions of 
reactive oxygen and nitrogen species, which are generated in vivo and cause damage to DNA, 
lipids, proteins and other biomolecules [16, 81, 104, 141, 143]. 

Spirulina contains a large amount of carotenoid pigments, especially P-carotene, which 
provide some of the antioxidant effect. Spirulina also contains a high amount of phycocyanin 
(PC), which is the major light harvesting protein. Phycocyanin is produced on a commercial 
scale by many manufacturers. Currently, phycocyanin is used as a natural dye in foods and 
cosmetics. However, there have been numerous published reports about the properties of 
phycocyanin such as its antioxidant, anti-inflammatory, anti-cancer and immunomodulator 
properties and its inhibition of viruses. 

Recent studies of the ability of the linear tefrapyrrol prosthetic group, commonly called 
‘bilins’, of phycocyanin to scavenge reactive oxygen species (ROS) have been reported. An 
in vitro study on the antioxidant properties of phycocyanin revealed that phycocyanin 
inhibited 2, 2 -azobis (2 midinoprapane) dihydroxychloride (AAPH)-induced human 
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erythrocyte hemolysis in the same way as trolox and ascorbic acid, two well known 
antioxidants. Based on IC50 values, phycocyanin was found to be 16 times more effective as 
an antioxidant than trolox and about 20 times more effective than ascorbic acid [112]. 

The hydroxyl radical scavenging capacity of phycocyanin has also been assayed by the 
inhibition of damage to 2-deoxyribose. The IC50 values reported for phycocyanin using this 
method were 19 pM and 28 pM. The phycobiliprotein interacts with hydroxyl radicals with a 
reaction rate constant in the range of 1.9 to 3.5 xlO*^ M'*sec'*, whereas the rate constant 
obtained using the same method for some non-steroidal anti-inflammatory drugs (NSAIDs), 
such as indomethacin and ibuprofen, was 1.8 xlO*'* M' sec'* [113]. It has been shown that 
phycocyanin significantly inhibits the increase in lipid peroxides of rat liver microsomes after 
treatment with Fe^^-ascorbic acid or the free radical initiator AAPH [113]. Bhat and 
Madyastha (2000) also demonstrated that phycocyanin extracted from S. platensis is a potent 
peroxyl radical scavenger in vivo and in vitro [12]. C-phycocyanin effectively inhibited CCI4- 
induced lipid peroxidation in rat livers in vivo. 

Soni et al. (2008) determined the antioxidant capacity of purified phycocyanin extracted 
from Phormidium fragile, which was checked in vitro by the Ferric Reducing Ability of 
Plasma (FRAP) assay [127]. To assess the antioxidant capacity, they used various well 
established non-enzymatic antioxidants such as ferrous sulfate, ascorbic acid, galic acid, uric 
acid and a-tocopherol. They found that the antioxidant activity of phycocyanin was either 
equal to or higher than that of all of these antioxidants. The fold antioxidant capacity of 
phycocyanin to ferrous sulfate, ascorbic acid, galic acid, uric acid and a-tocopherol was 4.25, 
1.78, 0.94, 3.98 and 2.65, respectively, suggesting the potential for use of phycocyanin as an 
antioxidant in various preparations. 

1.3. Anti-Cancer and Immune System Effects 

Phycocyanin has been reported to have anti-cancer and immune boosting effects. 
Spirulina was extracted and given orally to laboratory mice that had been injected with liver 
tumor cells. The survival rate was increased significantly above those of the controls. The 
lymphocyte activity of the treatment group was also found to be significantly higher than that 
of the control group (Japanese Patent #58-65216) [26]. 

Schwartz and Shklar (1987) showed that p-carotene and Spirulina-Dunaliella extracts 
could inhibit carcinogenesis in hamster buccal pouches [1 18]. A later study by Schwartz et al. 
(1988) demonstrated that the efficiency of Spirulina and Dunaliella extracts was higher than 
the result in the previous report with hamster buccal pouches when administered orally [119]. 
Subhashini et al. (2004) studied the effect of purified C-phycocyanin (C-PC) on the growth 
and multiplication of the human chronic myeloid leukemia cell line (K562) [129]. Their 
results indicated a significant decrease (49%) in the proliferation of K562 cells treated with 
50 pM C-PC up to 48 h. Apoptosis features were also detected under an electron microscope. 

1.4. Anti-Inflammatory Effects 

C-PC found in cyanobacteria is often used as a dietary nutritional supplement. C-PC has 
been found to have anti-inflammatory activity and has beneficial effects against various 
diseases. However, the mechanisms of the anti-inflammation are not clearly studied. There 
have been many studies carried out to determine anti-inflammation activity and its 
mechanisms. 
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Macrophages play an important role in inflammation and immune response regulation. 
When activated, macrophages release growth factors, cytokines and lipid mediators, such as 
prostaglandins and leukotrienes, which promote inflammation by directing cellular migration 
to the site of inflammation through the production and release of pro-inflammatory cytokines 
[62]. 

To provide evidence that phycocyanin could potentially be used as a dietary supplement 
in inflammatory bowel disease (IBD), which is a complex disorder of the gastrointestinal 
tract, Gonzales et al. (1999) studied the anti-inflammatory effects of phycocyanin in acetic 
acid-induced colitis in rats [36]. Phycocyanin (150, 200, 300 mg/kg post-orally (p.o.)) was 
administered 30 min before the induction of colitis with an enema of 1 ml of 4% acetic acid 
per rat. 5-ASA (5-aminosalicylic acid at a dose of 200 mg/kg) was used as a reference drug 
for these experiments. In the groups of rats pre-treated with phycocyanin, there was only 
slight submucosal edema, minimal subepithelial hemorrhage and mild inflammatory cell 
infiltration. This was the first report of the anti-colitic effect of phycocyanin. 

Reddy et al. (2000) showed that C-phycocyanin (C-PC) selectively inhibits 
cycloxygenase-2 (COX-2), which is an inducible isoform of cyclooxygenase implicated in the 
mediation of inflammation and arthritis [108]. The catalytic activity of cyclooxygenase, also 
called prostaglandin synthase, when applied to arachidonic acid, results in the formation of 
prostaglandin H 2 (PGH 2 ). PGH 2 is an unstable endoperoxide intermediate, which, in turn, 
serves as a substrate for cell-specific isomerases and synfhases fo produce prosfaglandins 
(PGE 2 , PGD 2 , PGp 2 a), prostacyclin (PGI 2 ) and thromboxane A 2 (TXA 2 ). Prostaglandins are 
important lipid mediators in several pathological processes, such as inflammation, thrombosis 
and cancer, in addition to normal physiological processes. 

In addition, nitric oxide (NO), which is synthesized by the enzyme nitric oxide synthase 
(NOS), also plays an important regulatory/modulatory role in many physiological and 
pathological conditions [88]. However, the high amount of NO produced by inducible NOS 
(iNOS) stimulated by pro-inflammatory cytokines, free radicals and lipopolysaccharide (LPS) 
may be a critical mediator in the pathogenesis of inflammatory diseases [134, 144]. As 
mentioned earlier, it is well understood that activated macrophages play an important role in 
the regulation of inflammation and the immune response through the production of various 
inflammatory mediators, including pro-inflammatory cytokines. Macrophages also produce 
NO and reactive oxygen species (ROS), which are then released into the general circulation to 
exert systemic effects [34]. Agents that inhibit the overproduction of NO derived from iNOS 
in macrophages may thus have anti-inflammatory activities. 

Chemg et al. (2007) concluded that the inhibitor activity of C-PC on LPS-induced NO 
release and iNOS expression is probably associated with suppressing TNF-a formation and 
nuclear NF-kB activation, which provides an additional explanation for the anti-inflammation 
activity [19]. 

Moreover, phycocyanin can inhibit the induced allergic inflammatory response and 
histamine release from isolated rat mast cells [109]. In in vivo experimenfs, phycocyanin 
(100, 200 and 300 mg/kg p.o.) was adminisfered 1 h before the assessment with 1 pg of 
ovalbumin (OA) in the ear of mice previously sensitized with OA. One hour later, 
myeloperoxidase (MPO) activity, an indicator for inflammation, and ear edema were 
assessed. Phycocyanin was found to significantly reduce both parameters. In separate 
experiments, phycocyanin (100 and 200 mg/kg p.o.) also reduced the blue spot area induced 
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by intradermal injections of histamine. The inhibitory effect of phycocyanin was dose- 
dependent. 

In accord with the previous results, phycocyanin also significantly reduced the histamine 
release induced by the histamine releaser compound 48/80 from isolated peritoneal rat mast 
cells. 

1.5. Antiviral Effects 

Hayachi et al. (1993) reported that the water extract of S. platensis could inhibit the in 
vitro replication of Herpes simplex virus type I (HSV-1) in HeLa cells within the 
concentration range of 0.08-50 mg/ml. The mechanism of the effect was the interference with 
the adsorption and penetration of the virus into the host cell [42]. 

A novel sulfated-polysaccharide, calcium spirulan (Ca-SP) was later isolated and tested 
for the inhibition of the in vitro replication of several enveloped viruses [41, 43]. This study 
also found that the anti-HIV-1 activity of Ca-SP is comparable to that of dextran sulfate (DS; 
a known potent anti-HIV- 1 agent), while its anti-HSV-1 activity was 4-5 fold higher than that 
of dextran sulfate [43]. Ayehunie et al. also reported that an aqueous extract of Spirulina 
(Arthrospira) platensis inhibited HIV-1 replication in human T-cell lines, peripheral blood 
mononuclear cells (PBMC) and Langerhans cells [4]. It was also found that the extract 
directly inactivated HIV-1 infectivity when pre-incubated with virus before addition to human 
T-cell lines. 

Shih-Ru et al. (2003) studied the inhibition of enterovirus 71 by allophycocyanin isolated 
from S. platensis [124]. Their results showed that allophycocyanin neutralized the enterovirus 
71 -induced cytopathic effect in both human rhabdomyosarcoma cells and African green 
monkey kidney cells. The 50% inhibitory concentration of allophycocyanin for neutralizing 
the enterovirus 71 -induced cytopathic effect was approximately 0.045 ± 0.012 pM in green 
monkey kidney cells. A plaque reduction assay showed that the concentrations of 
allophycocyanin required for a 50% reduction of plaque formation were about 0.056 ± 0.007 
pM for rhabdomyosarcoma cells and 0.101 ± 0.032 pM for African green monkey kidney 
cells. Allophycocyanin was also found to be able to delay viral RNA synthesis in the infected 
cells and to abate the apoptosis process in enterovirus 71 -infected rhabdomyosarcoma cells 
with evidence of DNA fragmentation, decreasing membrane damage and declining the cell 
sub-Bl phase. 



2. Uses as a Feed Supplement 

Besides being used as a food supplement, in 1996 about 30% of the worldwide Spirulina 
mass production was used as a feed supplement for animals [11]. The benefits conferred to 
animals include enhancing the color in ornamental fish and promoting yolk color [116, 117]. 
Spirulina formulated feed was found to increase growth rates in many species of fish. 
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3, Mass Cultivation 

Few microalgae have been cultivated for commercial purposes. Chlorella and Spirulina 
are mainly grown for health foods, Haematococcus for astaxanthin, Dunaliella salina for P- 
carotene and other microalgae and diatoms for aquaculture. Recently, interest in growing 
microalgae for biofuel has increased among researchers and private sectors as an alternative 
source of energy. As a result, many researchers have been trying to develop photobioreactors 
in order to be able to produce highest activity of the grown algae. 

Although cultivation techniques of microalgae being operated nowadays are not 
complicated, many constraints still obstruct the commercialization of the products. Some 
microalgae can be grown outdoors in open ponds because they can be grown in media that 
favor their growth, but not the growth of other organisms; for instance, Spirulina requires 
high alkalinity and Dunalialla requires high salinity. Other microalgae have to be cultivated 
in closed systems, which are very expensive. 

Three major steps are required for the cultivation of any microalgae. The first step is the 
design of the pond or the reactors, the second is the separation of the algae from the medium 
and the final step is the dehydration process. 

The reactors can be open ponds in the case of Spirulina since contamination can be 
prevented by controlling the plT of the pond. Generally, open ponds are oblong with varied 
sizes. For example, Siam Algae, Ltd. in Thailand (which closed down in 2007) had a 2,000 
m pond for commercial scale production and Earthrise Farm in California, USA has a 5,000 
m^ pond [9]. These ponds are designed to provide good mixing to facilitate exposure of the 
cells to sunlight as well as to purge the O 2 that evolves during photosynthesis from the 
system. Accumulation of O 2 in the medium can be detrimental to the cell photosynthetic 
apparatus [82, 126]. Circulation is made possible by means of paddle wheels. The velocity of 
the medium should be 15-30 cm/sec. It has been reported that a velocity of more than 30 
cm/sec will not enhance productivity and may cause cells to break [9]. 

To prevent deposition of dead cells in the ponds, baffles are installed along the comers of 
the ponds to increase the flow. Deposition of dead cells resulfs in an increase in organic 
matter, which can cause confaminafion by bacferia and protozoa. 

Closed photobioreactors have been studied to increase productivity. There are varieties of 
photobioreactor designs, but from a commercial point of view, photobioreactors must have 
the following characteristics: high area productivity (g m' per day), high volumetric 
productivity (g f' per day), large volume (1 per photobioreactor), economical constmction and 
maintenance, easy control of culture parameters (temperature, pFf, O 2 and turbulence) and 
reliability [98]. 

The main aim for ponds and reactor design is to give the highest output rate of biomass 
per area. To have the best design, the study of algae physiology needs to be thoroughly 
understood. Unfortunately, not much research has been done on the commercial scale. 
Photobioreactors are used for cultivation of algal species which do not have growth selective 
advantages. Most of the commercial scale production of Spirulina still employs open ponds 
which are more cost-effective. 

Currently, much research is underway to find effective systems to grow algae for biofuel. 
Spirulina may nof be a candidafe for oil feedstocks, but the development of new types of 
photobioreactors may have benefits as more efficient methods for growing this microalgae. 
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Biochemical and Molecular Biological 
Aspects of Spirulina 



1, Stress Response 
1.1. Temperature Stress 

Extreme variation in the surrounding temperature is one of the most common stresses for 
many living organisms. Therefore, adaptive mechanisms to protect against the potentially 
harmful effects of temperature variations are found in all living organisms. These survival 
pathways are regulated at molecular levels, including the transcriptional, post-transcriptional 
and translational levels [44, 93, 94]. In cyanobacteria, gene regulation mediated by heat shock 
has been less extensively studied than the response of the organism to cold shock; however, 
the heat shock responses in some cyanobacteria such as Synechocystis, Synechococcus and 
Nostoc have been investigated [31, 33, 66]. In the case of Spirulina, the regulation of the 
desaturation process and the effects of low and high temperatures on the cells at the molecular 
level have been studied in the Cl strain [27, 47]. 

A. Low Temperature Stress 

Temperature reduction is an important environmental factor that leads to stabilization of 
DNA and RNA secondary structures, impaired protein biosynthesis and particularly, to a 
reduction in membrane fluidity [100, 151]. Exposure to ambient temperatures lower than the 
optimal growth temperatures of cyanobacterial cells, including Spirulina and other 
poikilothermous organisms, causes an increase in the degree of fatty acid desaturation in the 
lipid membrane. It has been well established, in terms of lipid membrane composition, that 
unsaturated fatty acid levels in the membrane have to increase to cause a phase transition of 
the plasma membrane in order to cope with a reduction in membrane fluidity [151]. This 
phenomenon is recognized as homeoviscous adaptation, which is defined as maintenance of 
the optimal function of biological membranes in response to temperature stress via the 
adjustment of membrane fluidity. Therefore, extensive studies on this phenomenon, including 
the regulation of the genes involved in fatty acid desaturation, were carried out in various 
organisms, including Spirulina. 

Desaturase Gene Regulation under Low Temperature Stress 

Cyanobacterial desaturases are categorized in the family of acyl-lipid desaturases, which 
are membrane bound proteins [90, 139]. Three desaturase enzymes, A^, A*"^ and A” desaturase, 
are involved in the fatty acid desaturation process of S. platensis; these enzymes are encoded 
by the desC, desA and desD genes, respectively. The three double bonds are introduced at the 
A®, A^^ and A® positions of stearic acid (18:0), oleic acid (18:1) and linoleic acid (18:2), 
respectively, by the three respective enzymes. As mentioned earlier, the levels of the end- 
product of the desaturation reaction, y-linolenic acid (GLA), increase by approximately 30% 
under low temperature stress (table 2). Therefore, questions have been raised as to at what 
level the desaturase genes are regulated in response to temperature reduction. 

The regulation of 5/>/rM//na-desaturase genes in response to temperature change have 
been studied at the transcriptional and post -transcriptional levels [27]. After an abrupt 
temperature reduction from 35°C, which is the optimal growth temperature, to 22°C, the 
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mRNA level of desD increased drastically, approximately 3 -fold, whereas the mRNA levels 
of desC and desA remained insignificantly affected. The mRNA stability of these three 
desaturase genes under low temperature conditions was also studied, and only the stability of 
cfei'O-mRNA increased from 5 min to 35 min (table 1). Taking these results together, they 
indicate that the desD gene is the only gene in the 5/7/rM//na-desaturation reaction that 
behaves in a temperature-dependent manner [27]. 

Table 1. Comparison of the half-lives of the three desaturase-mRNAs at 35“C, 

22“C and 40“C under light and dark eonditions (modified from [27, 59]) 



Temperature 

CO 


Half-life (min) under light conditions 


Half-life (min) under dark conditions \ 


desC 


desA 


desD 


desC 


desA 


desD 


40 


20 


7 


5 


15 


0 


0 


3S 


20 


7 


>5 


17 


5 


7 


22 


30 


14 


35 


65 


35 


60 



It is well known that membrane bound proteins are very difficult to work with, and as 
such, only a few studies regarding these proteins have been carried out. However, a study on 
the regulation at the translational level of these desaturases was carried out in two different 
cell locations, thylakoid (TM) and plasma (PM) membranes [47]. Western blot analyses were 
employed using polyclonal antibodies raised against synthetic peptides of the three Spirulina- 
desaturases. The results illustrated the presence of the A^, A'^ and A^ desaturases in both 
membrane lipids. However, their response to the temperature reduction is different depending 
on their localization. In the PM, where the cells primarily encounter the environmental stress, 
the A” desaturase protein level remained surprisingly stable after 48 h of the temperature 
change, in contrast to its gene transcriptional level. Similarly, the amount of A^ desaturase 
was also unaffected. In the case of A'^ desaturase, its encoding gene has two mRNA 
transcripts, one with a size of 1 .5 kb as reported by Deshnium et al. [27] and the other with a 
size of 1.7 kb as reported by Suphatrakul [132]. The levels of the 1.7 kb transcript of desA 
distinctly increase in response to the temperature downshift. The two alternative mRNAs 
were determined to be synthesized from the same gene using the same promoter [132]. 
Accordingly, two enzyme isoforms were detected in the cell barrier membrane with 
approximate molecular masses of 40 and 45 kDa, which corresponded to the sizes of the two 
transcripts of desA. Notably, the 45 kDa protein level was decreased by approximately 60% at 
the end of the experiment, while the 40 kDa protein was not detected in this particular 
membrane fraction. 

In Ihe pholosynlhelic membrane, the amount of A desaturase and the 40 kDa A 
desaturase remained stable, although that of the 45 kDa A desaturase drastically decreased 
after 48 h of the temperature downshift. In conirasi, the protein level of A° desaturase 
increased significantly, by approximately 60%, after 24 h at the lower temperature [47]. This 
evidence suggests that PUFA production is required for metabolic processes other than 
homeoviscous adaptation that occur in response to low temperature stress. These data 
correlate with many reports regarding the presence of PUFAs in the TM of cyanobacteria and 
plants, showing that they are important for protection against low temperature -induced 
photoinhibition as well as the maintenance of chloroplast function during growth at low 
temperature [35, 114, 145, 147]. These results, taken together, indicate that desC is 
temperature independent, while desA and desD respond differently to the downward shift of 
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the temperature. Moreover, the data suggest a distinct response of desA and desD genes to 
low temperature in the two lipid membranes (figure 1). 



iiiRNA 



Piotein 



Location 



Low tempernture stress condition 



Tcmpexaimc 

independent 



IT 



desC 



i 



1.5 kb 



i 



1 44 kDa 

/ \ 

ITM PM 



Temperature dependent 



desA 

I \ 

1.5 kb 1.7 kb# 

i i 

40 kDa 45 kDa 

i / \ 

TM TM 



desD 



i 

1.4 kb'i' 

1 

47 kDa 

/ \ 

,§im'Ipm| 



Figure 1. Schematic diagram for Spirulina acyl-lipid desaturase gene expressions in response to 
temperature downshift (modified from [47]). 

In addition to desaturase gene regulation under low temperature stress conditions, the 
effect of combined stresses, in this case cold and light stresses, was also studied in Spirulina. 
Regarding gene expression under light vs. dark conditions, the study by Jeamton et al. [59] 
demonstrated the light-induced expression of the three desaturase mRNAs, as well as fabZ- 
ruRNA, which encodes the protein that is most up-regulated under the combined stress 
conditions identified by proteome analysis, in S. platensis. Kis et al. [65] have reported that 
the expression at the transcriptional level of the Synechocystis PCC 6%03-desC gene is not 
affected by light, whereas expression of the desA and desD genes is light inducible. The 
experiments in Spirulina indicate that the desC gene expression is somehow different from 
that of the Synechocystis PCC 6%03-desC gene. Light-driven transcription in response to 
temperature stress is quite commonly found in photofrophic organisms, for example the desA, 
desD and desB genes of Synechocystis sp. PCC 6803 [65], the crhC gene of Anabaena sp. 
PCC 7120 [17] and the GUS expression in Arabidopsis thaliana [64]. The down-regulation of 
cyanobacterial metabolism during dark treatments occurs in conjunction with the depletion of 
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the glucose level derived from photosynthesis [17]. In this low energy state, the S. platensis 
cells exposed to low temperature (22°C) were unable to synthesize any nascent desC-, desA-, 
desD- and 7a6Z-mRNAs. However, the mRNAs were highly stabilized at a low temperature 
in dark conditions, more so than when the cells were exposed to light at a low temperature 
(table 1). It has been well established that an increase in the stability of the RNA hairpins at 
low temperatures and the binding of RNA chaperone protein(s) to the RNA at low 
temperatures [5, 159] enhance the mRNAs’ stability. 

In terms of fatty acid analysis, while the transcriptional level of the four genes involved 
in fatty acid biosynthesis is decreased in the dark-grown cells at 22°C, the fatty acid 
composition in the dark-grown cells at 22°C was similar to that of the light-grown cells at the 
same temperature (table 2). Thus, the data obtained from the combined stress response study 
demonstrate that when the cells encounter cold stress with energy limitation, the cells can 
maintain the homeoviscous adaptation ability via regulation of mRNA stability. 

Table 2. Total fatty acid composition in mol% of total lipids from cells grown in the 
dark at 35“C and 22"C and in the light at 35“C, 22“C and 40“C (modified from [27, 59]) 



Fatty acid 


Growth temperature fC) \ 


35 (Light) 


35 (Dark) 


22 (Light) 


22 (Dark) 


40 (Light) 


16:0 


48 


50 


40 


45 


46 


16:P^ 


4 


4 


6 


5 


4 


18:0 


1 


1 


1 


1 


2 


18:P^ 


4 


3 


6 


5 


9 


lg:2A9J2 


24 


24 


20 


23 


26 


Ig.gAW 


19 


18 


27 


22 


14 



The values are the averages of two independent experiments and the deviation of these values is within 
+2%. 



The Regulatory Region of the Spirulina-desD Gene and Regulatory Proteins Involved in 
Low Temperature Response 

Regarding the low temperature response of the Spirulina-desD gene, the first step 
towards elucidating the molecular mechanisms of the Spirulina-desD gene regulation was 
taken via the investigation of the regulatory region of the desD gene promoter and the 
regulatory proteins involved in the low temperature response [130]. The nucleotide sequence 
of desD was analyzed for putative protein binding sites and the putative core promoter as 
shown in figure 2. The presence of a putative first -10 PB sequence ‘TATAAT’ (-38 to -33) 
and a putative -35 sequence ‘TTGACA’ (-69 to -64) upstream of the translation start site were 
revealed. These putative core promoter sequences coincide exactly with the -10 and -35 
consensus sequences for RNA polymerase o70 holoenzyme [40]. A functional analysis of the 
two putative consensus sequences that involved evaluation of the effects of a point mutation 
and a deletion mutation indicated that only the -10 PB sequence (-38 to -33) plays an essential 
role in basal desD gene expression. Similarly, the requirement of the -10, but not the -35, 
motif for basal transcription was also identified in the psbA gene in cyanobacteria by 
homologous and heterologous RNAPs [123]. 
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Figure 2. Nucleotide sequence of 5 -upstream region (accession no. EU128722) of the Spirulina-desD 
gene (accession no. X87094). The start codon, the putative consensus sequences and the putative 
protein binding sites are indicated (modified from [130]). 

To identify the regulatory region, several deletion mutants of the desD promoter were 
constructed and the promoter activity was determined using the P-galatosidase reporter gene 
expressed in Escherichia coli under temperature shift conditions. The results obtained showed 
that the putative cold-shock responsive region is located between nt -192 and -164 within the 
Spirulina-desD gene promoter (figure 3). Thereafter, the DNA-binding proteins interacting 
with the putative cold-shock responsive region were isolated using an electromobility shift 
assay (EMSA) before being subjected to native polyacrylamide gel electrophoresis and then 
identified using liquid chromatography-tandem mass spectrometry (LC-MS/MS) techniques. 
The results obtained from the EMSA show retardation of the DNA probe (-192 to -162) 
containing the AT-rich inverted repeat (AT-rich IR) in the presence of protein extracts 
prepared not only from non-stressed, but also from stressed cells. In addition, phosphorylation 
of the DNA-binding complex was observed in the presence of protein extracts from stressed 
cells. Taken together, these results suggest that the repressor protein binds to the AT-rich IR 
of the promoter during non-stressed conditions and then undergoes phosphorylation on all the 
three possible amino acid residues (serine, threonine and tyrosine) upon temperature 
reduction. Similarly, Kojima and Nakamoto also previously reported on the importance of the 
AT-rich IR in transcriptional regulation of the cyanobacterial hspA gene [67]. Moreover, the 
analysis of the DNA binding protein complex indicates the presence of a putative GntR 
transcription factor, a co-chaperone GroEL and protein kinases [130] in the complex. A 
schematic diagram of the transcriptional regulation of the desD gene under low temperature 
conditions is shown in figure 4. 
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Figure 3. (3-galactosidase activity of mutants containing portions of the Spirulina-desD promoter in E. 
coli cells. The normalized (3-galactosidase activities were evaluated as a relative percentage of the 
pD6D-83 constmct (-83/+131) which was set to 100% activity. Results are shown as the average ± SD, 
from three independent experiments and repeated at least twice (modified from [130]). 
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Figure 4. Schematic diagram demonstrating possible regulation at the transcriptional level of the 
Spirulina-desD gene under low temperature conditions (modified from [130]). 



Proteome Analysis of Proteins Involved in Low Temperature Stress 

The elevation of unsaturated fatty acid levels in membrane lipids is known to play a 
major role in the response to temperature change in various organisms. The association 
between fatty acid desaturation and temperature stress has been well-supported [150]; thus, 
the expression of desaturase genes in cyanobacteria in response to low temperature has been 
extensively studied [27, 47, 132]. However, the mechanisms of temperature perception, signal 
transduction and changes in the biochemical mechanism mediated by a temperature reduction 
are poorly understood [133]. Therefore, a proteome analysis of S. platensis was conducted to 
determine its response to a temperature downshift at the subcellular level. This study revealed 
the proteins involved in the biochemical mechanisms through which these cyanobacterial 
cells sense temperature changes and respond to a temperature reduction by employing two- 
dimensional differential gel electrophoresis (2D-DIGE) [49]. The S. platensis culture was 
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grown in Zarrouk’s medium [111] to mid-log phase until the optical density at 560 nm 
reached 0.4, at which time a cell sample was harvested by filtration before shifting the growth 
temperature (t=0 min). The growth temperature was then abruptly shifted from 35°C to 22°C, 
and the culture was incubated for three different time periods: 45, 90 or 180 min. The protein 
samples from three subcellular fractions, soluble protein, thylakoid membrane and plasma 
membrane fractions, were subjected to fluorescence labeling using Cy2, Cy3 and Cy5. This 
technique helps eliminate gel-to-gel variation and the protein levels can be normalized using a 
Cy2-labeled internal standard, which is a mixture of the samples in an equal amount of 
protein as that of labeled with Cy3 and Cy5. The proteome analyses of the samples before and 
after low temperature exposure were performed using Decyder software (GE Healthcare 
Biosciences). 

The proteins differentially expressed in response to the temperature downshift were 
digested with trypsin and then subjected to matrix assisted laser desorption ionization 
(MALDI) mass spectrometry. The resulting peptide mass fingerprints were identified using an 
in-house software tool containing a Spirulina-^Q^XiAQ database derived from in silico 
digestion of the Spimlina platensis genome. 

A low temperature shift triggered the induction of proteins that can be divided into eight 
groups: (i) signal transduction, (ii) chaperone, (Hi) DNA repair, (iv) stress-related, (v) 
channeling and secretion, (vi) photosynthesis-related, (vii) nitrogen assimilation and (viii) 
hypothetical proteins [49]. 

Interestingly, the major group of proteins up-regulated in the plasma membrane, where 
the environmental stress factor is first encountered, consists of proteins involved in a two- 
component system. Several proteins in the two-component signal transduction systems, signal 
transduction histidine kinase, Ser/Thr protein kinase and a response regulator including 
PAC/PAS domains, were found to be up-regulated in the plasma membrane and soluble 
fractions of Spimlina (table 3). The classical two-component system, a mechanism by which 
organisms sense and acclimate to environmental changes found in various prokaryotes 
including cyanobacteria, is composed of a membrane-bound sensor histidine protein kinase 
and a response regulator that mediate differential gene expression [18, 39, 84, 85, 101]. Many 
studies employing DNA microarray techniques reveal that histidine kinases, especially HikSS 
in Synechocystis, play a crucial role in the perception and transduction of low temperature 
signals [87, 133]. However, to the best of our knowledge, the study by Hongsthong et al. [49] 
is the first one in which the protein levels in cyanobacteria subjected to low temperature stress 
were analyzed. Moreover, levels of forkhead-associated ABC transporters containing an FHA 
domain that can bind to the Ser/Thr kinase were also significantly increased in the PM 
fraction. This protein is important for phospho-dependent signaling pathways and has also 
been reported to take part in linear signaling pathways [25, 37]. 




Table 3. Significantly up- and down-regulated proteins identified in the plasma membrane 
and soluble and thylakoid membrane fractions (modified from [49]) 







Theoretical 


Experimental 


Spot no. 


protein name 


coverage 


pi 


MW(kDa) 


pi 


MW(kDa) 


p-value 


*fold change 


UP-REGULATED PROTEINS 
















Plasma Membrane Fraction 
















Two component systems 
















162 


two-component sensor histidine kinase 


2.59 


4.88 


124.16 


6.32 


215.99 


0.037 


5.82 


370 


two-component sensor histidine kinase 


3.98 


4.88 


124.16 


6.18 


183.4 


0.01 


15.23 


1382 


two-component sensor histidine kinase 


4.16 


4.88 


124.16 


6.86 


105.07 


0.04 


1.35 


2310 


putative two-component response regulator 


5.85 


5.5 


67.88 


6.24 


42.37 


0.036 


11.23 


2334 


serine/threonine kinase with TPR repeat 


6.34 


8.37 


82.39 


5.41 


41.61 


0.0012 


2.15 


3486 


two-component sensor histidine kinase 


2.59 


4.88 


124.16 


6.3 


14.52 


0.049 


4.81 


3988 


two-component sensor histidine kinase 


2.59 


4.88 


124.16 


4.92 


8.02 


0.042 


8.73 


Chaperones 


















2389 


chaperonin GroEL 


10.46 


5 


58.19 


7.07 


41.3 


0.024 


1.31 


DMA repairing system 
















907 


DNA polymerase 111, delta subunit 


7.28 


8.74 


33.84 


5.19 


123.92 


0.03 


3.12 


913 


putative exonuclease SbcC 


3.62 


6.3 


121.62 


6.15 


122.81 


0.0058 


11.81 


1760 


DNA polymerase 111, delta subunit 


7.28 


8.74 


33.84 


6.39 


63.98 


0.041 


5.17 


2941 


DNA polymerase III subunit beta 


5.6 


4.83 


42.75 


5 


25.14 


0.013 


3.87 


Stress-related proteins 
















708 


glycosyl transferase domain containing 
protein 


2.29 


5.92 


134.25 


5.7 


144.96 


0.014 


3.22 


859 


5-methyltetrahydrofolate-homocysteine- 

methyltransferase 


7.72 


5.13 


133.55 


4.54 


127.86 


0.048 


3.86 


1723 


putative ABC transporter 


9.56 


8.57 


88.65 


7.06 


77.54 


0.0071 


1.68 
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Theoretical 


Experimental 


Spot no. 


protein name 


coverage 


pi 


MW(kDa) 


pi 


MW(kDa) 


p-value 


*fold change 


2236 


glycosyl transferase, family 2 


3.24 


6.11 


72.62463 


6.17 


44.51 


0.019 


11.79 


2325 


pyruvate kinase 


7.94 


5.85 


63.4 


7.27 


42.56 


0.049 


1.87 


3555 


transposase 


11.92 


10.29 


21.46 


4.51 


13.57 


0.044 


7.04 


4003 


transposase 


4.03 


10.09 


58.82 


6.48 


7.88 


0.0042 


2.99 


4585 


ferredoxin-glutamate synthase 


2.81 


5.6 


169.95 


6.16 


5.39 


0.045 


30.26 


Secretion systems 
















3536 


type 11 secretory pathway, ATPase PulE 


11.59 


5.89 


39.12 


4.47 


13.88 


0.047 


3.38 


Hypothetical proteins 
















322 


conserved hypothetical protein 


7.03 


4.82 


68.18 


5.67 


188.4 


0.0099 


2.63 


474 


conserved hypothetical protein 


2.6 


5.46 


249.83 


5.59 


229.93 


0.017 


2.12 


511 


conserved hypothetical protein 


2.6 


5.46 


249.83 


5.61 


163.23 


0.016 


2.49 


902 


conserved hypothetical protein sill 563 


3.41 


5.75 


99.66 


5.29 


123.36 


0.035 


2.76 


989 


conserved hypothetical protein sill 563 


3.97 


5.75 


99.66 


4.99 


115.86 


0.01 


5.54 


1462 


hypothetical protein 


6.52 


6.57 


128.59 


7.87 


96.96 


0.0023 


2.56 


1688 


conserved hypothetical protein 


6.17 


4.82 


68.18 


4.73 


68.59 


0.04 


5.08 


2439 


hypothetical protein 


6.17 


9.32 


28.32 


5. 71 


37.54 


0.035 


5.4 


3224 


hypothetical protein 


4.81 


9.04 


64.54 


6.06 


19.08 


0.04 


1.61 


Others 


















726 


putative membrane protein 


5.35 


7.7 


83.94 


6.31 


131.94 


0.025 


4.95 


2228 


phosphoglucomutase/phosphomannomutase 


16.74 


5.63 


48.77 


6.79 


47.41 


0.011 


2.6 


2427 


GlpX protein [Synechocystis sp. PCC 6803] 


8.12 


5.25 


37.12 


5. 76 


37.62 


0.048 


1.58 


2827 


mrr restriction system protein 


15.69 


4.95 


34.53 


7.37 


25.31 


0.047 


2.23 









Theoretical 


Experimental 


spot no. 


protein name 


coverage 


pi 


MW(kDa) 


pi 


MW(kDa) 


p-value 


*fold change 


Soluble fraction 
















Two component systems 
















282 


WD-40 repeat protein 


2.99 


5.26 


183.1 


5.26 


233.35 


0.048 


2.12 


384 


two-component sensor histidine kinase 


2.59 


4.88 


124.16 


5.53 


211.67 


0.075 


1.92 


592 


hybrid sensor and regulator 


2. 76 


5.16 


157.04 


6.69 


175.79 


0.12 


2.55 


1627 


multi-sensor hybrid histidine kinase 


10.65 


5.46 


166.47 


5.07 


56.49 


0.03 


2.13 


Transcription 


















1553 


DNA-directed RNA polymerase, beta 
subunit 


5.94 


5.39 


126.9 


8.83 


109.53 


0.028 


1.56 


Stress-related proteins 
















361 


sulfotransferase protein 


24.07 


9.17 


31.85 


5.19 


216.14 


0.019 


1.92 


378 


glycosyl transferase, family 2 


7.17 


5.45 


236.54 


4.27 


211.67 


0.028 


2.33 


509 


SAM-dependent methyltransferases 


9.52 


5.8 


19.62 


3.99 


187.16 


0.22 


2.17 


1266 


ferredoxin-glutamate synthase 


4.91 


5.6 


169.95 


8.74 


143.86 


0.022 


1.78 


1481 


polyphosphate kinase 


9.14 


5.47 


82.79 


5.15 


66.46 


0.055 


1.82 


1486 


transglutaminase-like enzyme 


4.6 


1.78 


117.51 


6.19 


115.29 


0.038 


2.03 


2657 


DEAD/DEAH box helicase domain protein- 
(membrane-helicase) 


11.1 


6.09 


239.75 


5.01 


12.29 


0.036 


2.86 


Secretion systems 
















359 


Type I secretion system ATPase, HlyB 


4.12 


5.99 


110.47 


6.44 


216.64 


0.059 


3.34 


Hypothetical proteins 
















329 


conserve with hypothetical protein 


3.68 


5.46 


249.83 


5.34 


224.84 


0.015 


2.14 


Others 


















3384 


acyl-(acyl-carrier-protein)- UDP- N- 
acetylglucosamine 0-acyltransferase 


14.29 


8.1 


27.8 


7.13 


14.62 


0.034 


1.53 


Thylakoid Membrane Fraction 
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Theoretical 


Experimental 


Spot no. 


protein name 


coverage 


pi 


MW(kDa) 


pi 


MW(kDa) 


p-value 


*fold change 


Photosynthesis related proteins 
















448 


magnesium chelatase H subunit 


8.52 


5.06 


148.28 


6.85 


176.35 


0.00033 


6.63 


458 


magnesium chelatase H subunit 


11.61 


5.06 


148.28 


6.65 


176.35 


0.016 


6.16 


1696 


magnesium chelatase 


4.23 


4.95 


71.74 


6.76 


80.34 


0.022 


8.73 


2378 


light-independent protochlorophyllide- 
reductase subunit N 


7.71 


5.21 


52.6 


6.69 


51.88 


0.029 


5.07 


3080 


uroporphyrinogen decarboxylase 


11.3 


6 


34.99 


6.55 


30.86 


0.018 


4.96 


Chaperones 


















206 


ATPases with chaperone activity, ATP- 
binding-subunit 


12.27 


5.4 


98.73 


5.93 


200.51 


0.032 


3.19 


1961 


Zn-dependent protease with chaperone 
function 


6.37 


5.95 


61.04 


4.26 


68.16 


0.027 


8.94 


2313 


chaperonin GroEL 


6.27 


4.89 


58.72 


6.77 


53.68 


0.034 


5.05 


3168 


chaperone protein DnaJ 


21.68 


5.18 


15.4 


6.63 


27.86 


0.083 


3.46 


Stress-related proteins 
















202 


transposase 


7.73 


9.92 


42.89 


4.34 


200.51 


0.013 


3.23 


405 


ferredoxin-glutamate synthase 


3.57 


5.6 


169.95 


6.78 


182.1 


0.022 


3.54 


459 


L-asparaginase 


12.1 


4.92 


33.29 


6.73 


175.99 


0.0094 


4.28 


1076 


putative transglutaminase-like enzymes 


4.49 


9.16 


88.82 


4.5 


119.27 


0.035 


2.12 


1184 


glycosyltransferase 


14.29 


8.52 


35.95 


6.94 


109.41 


0.018 


2.66 


2253 


Radical SAM domain containing protein 


19.05 


5.85 


42.19 


6.16 


50.46 


0.04 


1.99 


2581 


S-adenosyl-L-homocysteine hydrolase 


15.85 


5.63 


48.77 


6.24 


36.48 


0.023 


2.58 


3716 


cyanate ABC transporter ATP-binding- 
component 


13.15 


6.16 


32.31 


6.26 


16.08 


0.058 


3.14 


Channeling 

























Theoretical 


Experimental 


spot no. 


protein name 


coverage 


pi 


MW(kDa) 


pi 


MW(kDa) 


p-value 


*fold change 


2549 


arsenite-translocating A TPase 


10.95 


5.03 


30.22 


5.81 


46.56 


0.027 


3.16 


N-assimilation 
















2110 


nitrate reductase 


8.15 


8.29 


82.17 


4.04 


62.02 


0.049 


4.37 


2111 


nitrate reductase 


10.46 


8.29 


82.17 


4.08 


62.02 


0.053 


4.06 


Hypothetical proteins 
















2493 


hypothetical protein 


11.52 


7.16 


63.2 


6.95 


48.08 


0.0076 


4.84 


Others 


















1802 


putative sugar nucleotide epimerase- 
dehydratase protein 


13.9 


5 


36.96 


4.07 


75.34 


0.0054 


6.41 


2023 


putative membrane-fusion protein 


13.61 


5.08 


55.22 


4.24 


65.08 


0.0067 


3.57 


2727 


predicted oxidoreductases 


9.2 


5.22 


38.85 


6.52 


40.14 


0.059 


3.23 


DOWN-REGULATED PROTEINS 
















Plasma Membrane Fraction 
















Channeling and secretion systems 
















2137 


Sec-independent protein secretion pathway 
components 


20 


5.03 


8.37 


6.06 


48.79 


0.014 


-3.59 


3754 


Sec-independent protein secretion pathway 
components 


20 


5.03 


8.37 


6.72 


10.49 


0.042 


-3.84 


4198 


Sec-independent protein secretion pathway 
components 


20 


5.03 


8.37 


5.71 


6.78 


0.04 


-5.17 


DNA 

damage 


















2224 


putative DNA modification 
methyltransferase 


5.04 


6.33 


45.09 


6.62 


45.72 


0.044 


-10.89 


2768 


DNA gyrase subunit A 


10.49 


5.47 


36.21 


6.52 


28.69 


0.005 


-10.11 


Stress-related proteins 
















4438 


cyanoglobin 


22.92 


5.76 


11.09 


6.65 


5.85 


0.0058 


-2.28 


Soluble fraction 
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Theoretical 


Experimental 


Spot no. 


protein name 


coverage 


pi 


MW(kDa) 


pi 


MW(kDa) 


p-value 


*fold change 


Secretion system 
















543 


GTP-binding domain of ferrous iron 
transport protein B 


13.06 


6.49 


24.35 


4.82 


181.18 


0.013 


-1.79 


1049 


preprotein translocase SecA subunit 


7.43 


5.14 


105.74 


5.23 


107.97 


0.0094 


-2.26 


Stress-related proteins 
















1174 


predicted ATPase of the PP-loop 
superfamily- implicated in cell cycle control 


11.05 


7.67 


39.21 


4.97 


95.69 


0.039 


-2.06 


Others 


















1275 


phosphoenolpyruvate synthase 


7.4 


6.04 


90.27 


5.22 


85.6 


0.0054 


-1.57 


1341 


Uncharacterized protein conserved in 
bacteria [Microbulbifer degradans 2-40] 


2.87 


5.29 


117.51 


4.79 


78.19 


0.011 


-2.03 


1475 


Phosphoenolpyruvate carboxylase 


6.67 


5.95 


117.68 


7.26 


117.46 


0.035 


-1.82 


Thylakoid Membrane Fraction 
















Chaperone 


















1675 


heat shock protein 90 


5.6 


4.97 


75.81 


5.74 


80.82 


0.0063 


-3.06 


Stress-related proteins 
















132 


ferredoxin-NADP reductase (FNR) 


5.74 


6.34 


45.14 


4.18 


209.55 


0.045 


-1.57 


354 


HEAT .Peptidase Ml, membrane alanine 
aminopeptidase: PBS lyase HEAT-like 
repeat 


10.55 


5.63 


101.01 


5.12 


184.68 


0.013 


-1.74 


2518 


(p)ppGpp synthetase I (GTP 
pyrophosphokinase), SpoT/RelA 


7.96 


7.66 


77.28 


6.86 


47.03 


0.04 


-2.19 









Theoretical 


Experimental 


Spot no. 


protein name 


coverage 


pi 


MW(kDa) 


pi 


MW(kDa) 


p-value 


*fold change 


Secretion system 
















2729 


Type I secretion system ATPase, HlyB 


13.18 


5.99 


110.47 


5.36 


39.9 


0.0057 


-2.8 


3110 


putative HlyD family secretion protein 


5.6 


5.05 


55.27 


J 


26.3 


0.0012 


-2.26 



* Fold change value represents volume ratio of after the temperature downshift (180 min)/before the temperature downshift. Volume ratio refers to the ratio of 
the normalized volumes of a pair of spots (the same spot of before and after the temperature downshift), for example, a value of 2.0 represents a two-fold 
increase while -2.0 represents a two-fold decrease. 
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Taken together, the results suggest that the cold signal is perceived through the two- 
component regulatory systems found in the plasma membrane and soluble fractions, when S. 
platensis cells are exposed to low temperature. While other sensory input domains (e.g., 
CACHE, Ca channels and chemotaxis receptor; GAP, cGMP phosphodiesterase adenylate 
cyclase FhlA; MCP, methyl-accepting chemotaxis protein; USP, universal stress protein and 
phytochrome) are present in the Spirulina genome sequence, only the PAC/PAS sensory input 
domains of the two-component systems were detected in response to reduced temperature, 
suggesting an association of this type of sensory input domain of the signal transduction 
system with the low temperature stress response. Following this association, an alteration 
occurs in the expression of many genes. The evidence obtained in this study indicates that the 
cellular response of Spirulina to low temperature involves various processes. The processes 
related to RNA and DNA structures, as well as de novo protein synthesis, involve 
destabilization of cold-stabilized RNA secondary structures to facilitate gene expression 
under low temperatures, DNA damage, DNA repair and chaperone function in de novo 
protein folding of newly synthesized polypeptides. 

In addition, two chlorophyll biosynthetic proteins, POR and Chll, detected in the 
thylakoid membrane exhibit unique expression patterns. The levels of these proteins 
immediately decreased during the first 45 min of exposure to low temperature, which is 
consistent with the report by Tewari and Tripathy [136]. On the contrary, their expression 
levels increased dramatically after 45 min, indicating the relevance of the photosynthetic 
proteins in Spirulina in the organism’s response to low temperature stress in the presence of 
light. 

In addition, il is noteworthy that this is the first report in which genome-based protein 
identification in S. platensis by peptide mass fingerprinting was performed using the database 
derived from the unpublished Spirulina genome sequence. This study is an attempt to 
understand the changes of various cellular mechanisms mediated by temperature reduction, 
which is a suitable condition for polyunsaturated fatty acid (PUFA) biosynthesis. However, 
data verification at the transcriptional level of some differentially expressed genes is currently 
underway. 

B. High Temperature Stress 

In cyanobacferia, gene regulation mediafed by high femperafure sfress has been sfudied 
less exfensively than the response of the organism to low temperature sfress. However, in 
some cyanobacteria such as Synechocystis, Synechococcus and Nostoc, the heat shock 
responses have been investigated [31, 33, 66]. These studies demonstrated that an alternative 
sigma factor (SigH) and heat-shock protein (HSP) were significantly induced immediately 
following exposure to heat sfress [54, 67]. In the case of Spirulina, the studies regarding the 
molecular level response mediated by high temperature stress were carried out, and the details 
are discussed as follows. 
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Figure 5. Expression level of the desaturase-mRNAs of Spirulina platensis strain Cl after the 
immediate transfer of the growth conditions; (A) a temperature shift from 35“C to 40°C and a shift from 
light to dark, (B) a shift from light to dark at 35“C. Cells were grown in the light at 35“C up to mid-log 
phase, then transferred to dark at 40“C or 35“C, incubated for 120 min and subsequently transferred 
back to 35°C in the dark or 35°C in the light for an additional 30 min. The sample at time zero (0 min) 
was taken prior to the temperature shift and additional samples were taken as indicated. Five 
micrograms of total RNA were loaded into each lane, (left panels) Northern blot analysis showing 
mRNA levels of the three Spirulina-desatarase genes, (right panels) Relative changes in mRNA levels 
of the three desaturase genes (modified from [59]). (♦, ■, and ▲ represent the level of desC-, desA- 
and (7esZ)-mRNA respectively). 
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Desaturase Gene Regulation under High Temperature Stress 

In contrast to the study on the regulation of 5/7/rM//na-desaturase genes in response to low 
temperature change, the effects of high temperatures on the transcription of desaturase genes 
in Spirulina have been studied [27] by employing northern blot analysis of the RNA samples 
prepared from the cells harvested before (0 min) and after the temperature upshift for 10-120 
min. In the presence of light, a temperature change from 35“C to 40°C did not significantly 
affect either the mRNA levels of the desC, desA and desD genes or the stability of the desD- 
mRNA [27]. In contrast, when the culture was shifted to 40“C in the dark, the mRNAs of all 
three desaturase genes disappeared after incubation for 120 min (figure 5). It is worth noting 
that the ofes'C-mRNA gradually decreased after 20 min of exposure, before virtually 
disappearing at 120 min after incubation, while the desA- and c/es'D-mRNAs drastically 
decreased after 1 0 min of the shift and disappeared after 20 min. 

To study the expression levels of these desaturase-mRNAs after exposure to high 
temperatures in dark conditions, the culture was transferred back to the original temperature, 
35“C, and kept again in the dark. When the culture was shifted back from 40“C to 35°C, the 
desC- and cfes'D-mRNA levels increased about twofold, while the cfes'^-mRNA level 
remained absent after the transfer back from 40“C to 35°C in dark conditions (figure 5). 

Figures 5a and b show that the probes used in the northern blot analysis are specific for 
the detection of desC, desA and desD genes and that the detected bands correspond to 1.5, 1.5 
and 1.4 kb transcripts. However, we note that for c/es'^-mRNA, two hybridization bands of 
1.7 and 1.5 kb were found [132]. The primary cfe^^-mRNA product, the 1.5 kb variant, might 
be a result of post-transcriptional cleavage. 

To study the effect of light on the recovery of the desaturase-mRNAs, the mRNA levels 
for these three desaturase genes in the culture, which was originally grown at 35°C in the light 
and subsequently transferred to the dark for 120 min before being shifted back to the light, 
were determined (figure 5b). The results showed that light can induce the recovery of all the 
desaturase-mRNAs. The desC-, desA- and c/es'Tl-mRNA expression levels showed a recovery 
rate of about 25%, 68% and 29% of the original mRNA levels prior to the treatment, 
indicating light-inducible recovery of the three desaturase expressions. 

To elucidate the effects of temperature change and darkness on the stability of the three 
desaturase-mRNAs, a study to determine the half-life of the desaturase-mRNAs was 
conducted. The rates of degradation of the desaturase-mRNAs are shown in figure 5, while 
the half-lives of the desaturase-mRNAs are shown in table 1 . The results clearly illustrate that 
at 40°C in the dark, the half-life of the c/es'C-mRNA showed a marginal decrease, while the 
desA- and c/es'D-transcripts were not found at this high temperature. 

Of note, there are no reported data concerning the translational and post-translational 
regulation of this particular gene in response to high temperature stress. However, the level of 
the polyunsaturated fatty acid, y-linolenic acid (GLA), decreased approximately 30% upon 
high temperature exposure compared to the level found in cells grown at an optimal 
temperature (35°C) (table 2) [27]. This information highlights the regulation of Spirulina- 
desaturase. Therefore, the next section will focus on the identification of the putative heat 
shock-responsive element and corresponding regulatory protein(s) that modulate desD gene 
expression in response to heat stress. 
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The Regulatory Region of the Spirulina-desD Gene and Regulatory Proteins Involved in 
the High Temperature Response 

The importance of the heat shock-responsive cw-acting DNA element and its 
transcriptional regulator, which play a key role in Spirulina-desD gene regulation upon 
exposure to high temperatures, were evaluated in our laboratory. In this study, the growth 
temperature was shifted from 37°C to 40“C for 16 h prior to cell harvesting and subsequent 
detection of |3-galactosidase activity. EMSA experiments were performed using the proteins 
obtained from Spirulina cells exposed to temperature shifting from 35°C to 40°C for a period 
of 0 (before the shift), 45, 90 or 180 min. Moreover, for self-competition and competition 
analyses, EMSA was also carried out to illustrate the specific binding and the binding site of 
the target DNA element and the regulatory proteins. For analysis of DNA-binding protein 
complexes, western blot analysis was carried out followed by LC-MS/MS and identification 
using public databases. 

According to the identification of the regulatory region, the results showed that the AT- 
rich region located between nt -98 to -80 of the Spirulina-desD gene promoter served as a 
binding site for its transcriptional regulator. After LC-MS/MS analysis of the DNA-binding 
protein complex, the data revealed that the amino acid sequences of the bound proteins were 
homologous with those of several proteins, including a DNA-binding protein, heat-shock 
protein-90 (Hsp90) and GroEL, as well as various protein kinases (figure 6). In addition, 
western blot analysis indicated that the co-chaperone GroEL and a phosphorylation reaction 
were involved in the transcriptional response to elevated temperatures. Based on the study of 
the regulatory region of the Spirulina-desD gene and its regulatory proteins under temperature 
reduction and elevation conditions, it can be concluded that, irrespective of whether the 
regulatory mechanisms governing cold- and heat-regulated desD gene expression are similar 
in terms of repressor binding or phosphorylation-dependent conformational changes that 
modulate the association of the co-chaperone, the regulatory DNA segments as well as the 
corresponding transcriptional regulatory binding proteins are distinct for each particular stress 
condition. 




Figure 6. Schematic diagram demonstrating possible regulation at the transcriptional level of the 
Spirulina-desD gene under high temperature conditions. The protein highlighted in blue is an as-yet- 
unknown transcriptional regulator. 



1.2. Nitrogen Stress 

As mentioned earlier, Spirulina is the only cyanobacterium grown outdoors on a large 
industrial scale. However, during outdoor mass cultivation processes, the cells are exposed to 
various uncontrollable environmental stress factors, e.g. light intensity fluctuation. 
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temperature stress and nitrogen deprivation. Hence, the problem of nitrogen deprivation is 
also important to the outdoor mass cultivation of Spirulina. A study in our “Algal 
biotechnology lab” at the King Mongkut’s University of Techno logy-thonburi of effects of 
nitrogen stress on the biochemical compositions in the cells, especially phycobilisomes [106], 
was carried out for a 120 h time period. The results show that under nitrogen deprivation 
conditions, the levels of phycocyanin (PC), allophycocyanin (AP) and chlorophyll a 
decreased drastically, whereas the cell growth in terms of dry weight was barely affected. 
Accordingly, the transcript levels of the genes encoding PC, AP and a linker protein, Lcm^^, 
were significantly reduced. It is expected that the cells degrade their phycobilisome, which is 
the most abundant protein (up to 50% of soluble cellular protein) in cyanobacteria [121], to 
serve as a nitrogen source in response to nitrogen starvation [106]. Many research groups 
have reported the degradation of this light-harvesting antenna upon nutrient deprivation 
including nitrogen deprivation [8, 22, 125] in Synechococcus and Synechocystis. Thus, this 
degradation process is a general acclimation response that is observed under various stress 
conditions. Moreover, the phycobilisome degradation mechanism in cyanobacteria has been 
explored at the molecular level, and it was revealed that two components of the nbl pathway, 
NblA and NblB, are specifically involved in the degradation process (figure 7) [23, 29]. NblA 
has been widely demonstrated to be highly inducible upon nutrient starvation [6, 7, 23, 76, 
78, 79, 110]. The study by Lahmi et al. indicated that during nitrogen starvation, lower levels 
of nblA and nblC transcripts, about 40-60% of the wild type, were detected in alanine 
dehydrogenase mutants [71], in which phycobilisome degradation was impaired only under 
nitrogen deprivation. The inactivation of alanine dehydrogenase activity leads to the inability 
to induce a number of genes, including general nutrient stress-related genes. Taken together, 
all this information suggests that mechanisms related to nitrogen stress responses in 
cyanobacteria are associated with the modulation of a general acclimation process [71]. 
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Figure 7. Schematic diagram representing general acclimation responses to nutrient stress, including 
nitrogen stress, in a cyanobacterium, Synechococcus elongatus (modified from [121]). -S, -N, -P and 
HL represent deprivation of sulfur, nitrogen and phosphoms and high light conditions, respectively. 
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1.3. Light Stress 

In addition to nitrogen starvation, high light stress also induces phycobilisome 
degradation in Spirulina according to Nomsawai et al. [95]. To study the regulation of the 
phycobilisome by light intensity, the cyanobacterial cells were grown under four conditions; 
continuous low light (50 pEm' sec' ), continuous high light (500 pEm' sec' ) and light shift 
conditions from continuous high to continuous low light intensity and vice versa. The light- 
harvesting antenna was purified from the cells grown under these conditions, and its 
components were separated using SDS-PAGE. The results reveal the disassembly of the 
phycobilisome structure under continuous high light conditions. Moreover, the data regarding 
the transcriptional level of PC and AP genes demonstrates enhancement at the transcriptional 
level of PC transcripts in response to the downward shift of light intensity, whereas the AP 
transcripts were expressed in all culture conditions regardless of light levels. However, when 
the light intensity was shifted upward, the level of PC transcripts was not affected. Thus, the 
authors summarized that the difference in the amount of the PC transcripts and their 
corresponding proteins suggested regulation at the post-transcriptional, translational or post- 
translational levels [95]. This information also supports the involvement of phycobilisome 
degradation in the general acclimation process of cyanobacterial cells under various stress 
conditions. 

1.4. Morphological Transformation 

The S. platensis strain Cl is capable of forming a single colony on solid media. 
Therefore, the interest in this particular strain has increased due to its suitability for molecular 
biology studies. However, studies at the molecular level cannot be carried out directly in the 
Spirulina cells because of the unavailability of a stable transformation system, which will be 
discussed later in this chapter. It has been observed at the laboratory level that S. platensis 
strain Cl can undergo morphological transformation from the coiling form to the straight 
form (figure 8). It was proposed that the cell morphology was affected by environmental 
conditions such as nutrient availability, light, temperature and salinity [61, 96, 158]. 
Moreover, the study by Wang and Zhao (2005) indicated genetic variation between two 
variants using the random amplified polymorphic DNA (RAPD) technique [154]. However, 
the mechanism of linearization of the spiral form of Spirulina is still unknown. Therefore, 
stimuli that potentially mediate the morphological change were studied in S. platensis C 1 . 




Figure 8. Two morphological forms of S. platensis Cl; (a) coiled form and (b) uncoiled form. The scale 
bar is equal to 20 pm and the magnification is 200x. 
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Alterations in growth medium concentration, light and temperature were introduced to 
the S. platensis C 1 cells, in order to induce the morphological change from the coiling form to 
the uncoiling form. However, none of these stresses caused the transformation into the 
straight shape, while irregularly curved cells were detected [137]. According to this study, the 
linear variants of the S. platensis Cl occurred simultaneously with the spiral-form culture 
grown under laboratory conditions. In addition, there are many reports on the morphological 
change of this cyanobacterium. Abnormal morphologies such as irregularly curved and linear 
or straight shapes were found [74], and it is now accepted that the linear shape is one of the 
Spirulina morphologies [154]. The linear variant is rarely reverted, has a low metabolic rate 
and is highly acclimated to stress [60, 152]. While many studies have been carried out in 
order to understand the mechanism of linearization of the spiral form of Spirulina as 
mentioned above, the morphological transformation mechanism is still unknown. To address 
this, Hongsthong et al performed a study employing two-dimensional differential gel 
electrophoresis (2D-DIGE) [50]. The two forms of S. platensis Cl were separated and grown 
as axenic cultures, and the proteins that were differentially expressed in the soluble and 
insoluble protein fractions of the spiral and linear forms were identified. 

The nineteen identified proteins from the two protein fractions that might be involved in 
the morphological transformation of Spirulina can be categorized into seven groups according 
to their function: (/) two proteins are involved in energy metabolism, (h) three proteins are 
involved in translation, {Hi) two proteins are involved in energy production and conversion, 
(iv) three proteins are transcription regulators, (v) one protein has acetyltransferase activity, 
(v/) two proteins are involved in pyrimidine metabolism, {vii) two proteins are involved in 
cell wall/cell envelope biogenesis and iyiii) four proteins carry out other functions, including 
one receptor protein (table 4) [50]. 

In terms of stress related proteins. Ferric uptake regulators (Fur), arginine repressors, 
carbon dioxide concentrating mechanism proteins and ABC transporters were found to be up- 
regulated in the linear form. Fur is a repressor that regulates several iron responsive genes, 
including the genes involved in oxidative stress, iron homeostasis and central metabolism [45, 
83]. The arginine repressor is a negative regulator that represses the expression of factors 
involved in the arginine biosynthetic pathway. The repressor also induces the arginine 
deaminase operon either under oxygen depletion or in the presence of arginine [77, 80, 131]. 
Moreover, it is worth noting that L-arginine can be utilized as both a carbon and nitrogen 
source under oxygen depletion and nutrient-limiting conditions [80, 155]. Therefore, the 
elevation in the levels of these proteins suggests that the linear form of Spirulina might be a 
cellular response to environmental stress, which supports a hypothesis proposed by many 
researchers [60, 61, 74, 152-154]. 

Regarding the induction of carbon dioxide concentrating mechanism proteins and ABC 
transporters, a low level of carbon dioxide in terms of total Ci, [C 02 ]/[ 02 ] ratio and absolute 
C02(aq) causes the induction of a CO 2 concentrating mechanism or CCM [55, 63]. The CCM 
genes are light-responsive genes, whose expression has been suggested to be controlled by the 
intracellular redox level, although triggers for the CCM response are still unknown [55]. The 
parallel up-regulation of the CCM and ABC transporter proteins made sense since the 
transporter, including that in Synechocystis, plays a role in the uptake of bicarbonate and Ci 
against the concentration gradient, which is fueled by energy from photosystem I (PSI), in the 
acclimation of cells to low CO 2 concentrations [53, 55, 97]. 



Table 4. Significant differentially expressed proteins identified in the soluble and insoluble fractions (modified from [50]) 



spotID 




theoretical 


experimental 






Soluble 

Fraction 


Protein name 


pi 


Mw (kDa) 


pi 


Mw (kDa) 


p-value 


fold 

change* 


3279 


Glyoxalase/bleomycin resistance protein/dioxygenase: 3- 
demethylubiquinone-9 3-methyltransferase 


5.16 


16.033 


5.46 


20.3 


0.032 


2.72 


3573 


Acetyltransferase, GNAT family 


6.15 


19.007 


6.06 


18.2 


2.50E-05 


5.98 


3585 


Regulatory protein, LuxR 


5.98 


22.471 


6.08 


18.1 


0.01 


5.22 


3646 


Arginine repressor 


5.09 


16.321 


4.52 


17.6 


0.043 


2.13 


3400 


Ferric uptake regulator 


5.11 


17.117 


5.88 


19.4 


0.045 


3.85 


3928 


SufE-like protein probably involved in Fe-S center assembly 


5.3 


13.89 


4.66 


15 


0.047 


-2.03 


Insoluble Fraction 


2613 


ABC transporter related 


5.68 


24.783 


6.47 


23.7 


0.016 


2.53 


3425 


Peptidyl-tRNA hydrolase 


5.3 


11.706 


4.33 


14.8 


0.024 


2.54 


2774 


Cytochrome oxidase subunit II 


5.04 


21.684 


5.85 


21.4 


0.012 


1.55 


2616 


Putative dissimilatory membrane-bound nitrate reductase 


6.08 


24.397 


6.63 


23.5 


0.035 


2.82 


3489 


AscY.- Aeromonas hydrophila. 


5.74 


13.166 


6 


14.1 


0.032 


3.52 


3526 


CDP-glycerol- 1 -phosphate biosynthetic protein Get 


6.1 


15.464 


6.42 


13.8 


0.04 


8.29 


4165 


Peptidyl-tRNA hydrolase 


5.3 


11.706 


5.57 


9.32 


0.041 


1.92 


4631 


MHC class II (Fragment) 


5.38 


8.49 


5.76 


7.13 


0.044 


2.26 


2458 


Thymidylate kinase 


5.84 


24.82 


6.65 


26 


0.012 


6.78 


3489 


30S ribosomal protein S6 


5.84 


14.95 


5.28 


9.88 


0.032 


1.97 


4120 


carbon dioxide concentrating mechanism protein 


5.77 


11.2 


6.03 


9.65 


0.022 


1.77 


3013 


dUTP diphosphatase precursor 


6.56 


15.34 


6.49 


19.2 


0.0059 


8.67 


4213 


FrpA/C-r elated protein 


6 


6.82 


5.35 


9.17 


0.034 


1.68 



Fold change value represents volume ratio of uncoil form/coil form. Volume ratio refers to the ratio of the normalized volumes of a pair of spots (the same 



spot of uncoil and coil forms) for example, a value of 2.0 represents a two-fold increase while -2.0 represents a two-fold decrease. 
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The linear form of Spirulina, in which the Fur protein was up-regulated, shows a 
reduction of SufE. The SufE protein has been detected in many organisms including a 
cyanobacterium, Synechocystis sp. PCC6803, and it accepts an S atom during the conversion 
of L-cysteine to L-alanine catalyzed by SufS and transfers it to iron to form an Fe-S cluster, 
which is important for some enzymatic activities [99, 138]. Moreover, it is noteworthy that 
the Suf operon is involved in iron-sulfur (Fe-S) cluster biosynthesis under (/) iron deprivation 
through loss of repression by Fur and {ii) stress conditions through the hydrogen peroxide 
sensor in which it forms a two-component cysteine desulfurase with SufS [99]. 

In terms of proteins involved in cell shape determination, the levels of CDP-glycerol-1- 
phosphate biosynthetic protein (Get), and FrpA/C-related protein are elevated in the linear 
form. The Get protein, which has cytidylyltransferase activity, catalyzes the reaction to 
produce a precursor in wall synthesis, CDP -glycerol [2, 103], whereas the FrpA/C-related 
protein is a putative peptidoglycan bound protein. It was reported that outer membrane 
proteins, as well as peptidoglycan, play a critical role in cell shape determination [46]. 

Accordingly, two conclusions can be drawn concerning the mechanism of morphological 
change. First, the differentially expressed protein results indicated for the first time that the 
morphological change of Spirulina is most likely induced by various environmental stresses. 
These environmental factors, including oxygen level, carbon dioxide level, and light and 
nutrient availability, might play critical roles in the induction of the cell shape alteration. This 
is in accordance with the observation by the same research group that the straight form 
appears in the coil form culture after growth of the culture under laboratory conditions, 
especially under static conditions for at least one month. Second, an alteration in the cell 
shape determination mechanism might lead to the transformation of the cell shape from spiral 
to linear forms. Thus, this study is the first to produce data at the protein level that may 
explain this morphological transformation in Spirulina. 



2 . Heterologous Expression Systems 

The primary challenge for molecular studies in Spirulina is the lack of a stable 
transformation system. Heterologous expression systems are employed for this purpose. Two 
heterologous expression systems, Saccharomyces cerevisiae and Escherichia coli DH5a, have 
been used for studies at the molecular level of S. platensis. The details regarding the studies at 
the molecular level of Spirulina and the corresponding expression systems will be discussed 
in the following two sections. 

2.1. Heterologous Hosts for Studies at the Molecular Level 

5)7/rM/ina-desaturases are categorized as being a part of the family of acyl-lipid 
desaturases or plant-type desaturases [89], which are membrane-bound enzymes [90, 139]. 
The Spirulina desaturation reaction occurs mainly at the sn-1 position of the glycerolipid [89]. 
The difficulties in obtaining large quantities of purified membrane-bound proteins lead to this 
particular group of proteins being less well understood [122]. 

Several studies employing molecular biological approaches have been carried out, 
including studies involving 5/7irM/ma-desaturase genes and the two heterologous expression 
systems mentioned above. The first attempt has been made on the expression of the Spirulina- 
desD gene in S. cerevisiae in order to functionally characterize this gene. The Spirulina-desD 
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gene was heterologously expressed in yeast, S. cerevisiae DBY746, cells. The plasmid vector 
used to transform the designated gene was pYES2 (Invitrogen, USA). The transformant cells 
containing the desD gene were grown in synthetic minimal medium (SD) [3] supplemented 
with linoleic acid (18:2'^^’*^) in the form of sodium salt at SO^C until the optical density at 600 
nm reached 0.5. Subsequently, the cells were transferred into SD medium containing 2% 
galactose, and grown for 24 h at 25°C. The activity of the desD gene was determined by 
measuring the amount of the reaction product, linolenic acid (GLA), 18:3^^’'^’^. Moreover, 
site directed mutagenesis of the desD gene at positions H89, H129 and H305 was constructed 
and the resulting constructs were expressed in S. cerevisiae. These positions are located in the 
three conserved histidine clusters (figure 9) that are thought to play a role in the enzymatic 
activity. The designated histidine residues were mutated to both glycine and arginine (H89G, 
H129G, H305G, H89R, H129R and H305R). The results indicate that the mutation at any of 
these histidine positions causes the loss of desaturase activity [70]. However, the activity 
of the recombinant cells carrying H89G, H129G and H305G can be rescued by adding 150 
mM of imidazole to the cell cultures. Imidazole is an effective rescue agent because it 
possesses a diffused positive charge and a hydrogen bond donor capability [72]. Rescue of an 
enzyme activity by imidazole depends on the formation of a ternary complex of the enzyme, 
substrate and imidazole [73]. In contrast, this chemical rescue scheme did not work with the 
recombinant cells carrying H89R, H129R and H305R. One reason for the lack of ability in 
reconstituting the mutated enzymes in which histidine was substituted by arginine might be 
the bulkiness of the arginine side chain compared to the smaller side chain of the glycine 
residue [24]. This bulkiness could interfere the ability of exogenously applied imidazole to 
bind and perform a chemical rescue. 

In addition to the yeast system, the expression of the three 5/7/rM//na-desaturase genes has 
been carried out in E. coli DH5a, in order to use the enzymes as antigens to raise polyclonal 
antibodies for studies at the translational level. The expression vector used in this study was 
pTrcHisA (Invitrogen, The Netherlands), and the protein expressed using this system 
contained a six-histidine tag (6xHis-tag) at the N-terminus. The expressions of the three 
desaturase enzymes were detected in vivo using a monoclonal antibody directed against the 
6xHis-tag. Moreover, the activity of the enzymes (A^, and desaturases) in vitro and in 
vivo was determined based on their ability to synthesize the associated polyunsaturated fatty 
acids, 18:1'^^, 18:2^^"'^ and 18:3'^^’'^’*’ in the presence of their substrates. The exogenously 
provided free fatty acid substrates, 18:0, 18:1'^^ and 18:2'^^’’^, can be taken up by the E. coli 
cells and then incorporated into glycerolipids, which are the only form of substrate that these 
Spirulina-desaiurases can utilize [32]. 

The results of those experiments revealed that the three recombinant proteins were 
successfully expressed in the designated host cells. Furthermore, not only the expression of 
the first two enzymes in the Spirulina desaturation process (A^ and desaturases), but also 
their reaction products were detected in E. coli cells. This indicates that these enzymes are in 
their active forms in the E. coli cells. In contrast, the A° recombinant desaturase activity was 
not detectable in vivo', however, the enzyme was active in vitro in the presence of its 
cofactors, NADPH and ferredoxin. This suggests that the desaturase is expressed in its 
functional form, and the desaturation reaction required cofactor(s) that are either not available 
or not present in sufficient amounts in the E. coli cells. 
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MPPNTAADRLLSSTSTRSSNIVTEEKFQELIKQGDSVFIYEQKVYRVNN 49 Mucor rouxii 

MAAQIKKYITSDELKNHDKPGDLWISIQGKAYDVSD 36 B.officinalis 

Synechocystis 

S .platensis 

MGGVGEPGPREGPAQPGAPLPTFCWEQIRAHDQPGDKWLVIERRVYDISR 50 Homo sapiens 

FMAKHPGGEAALRSALGRDVTDEIRTMHPPQVYEKMINLYCIGDYMPDVI 99 



WVKDHPGGSFPLKSLAGQEVTDAFVAFHPASTWKNLDKFFTG 7 8 

MLTAERIKFTQKRGFRRVLN 20 

MTSTTSKVTFGKSIGFRKELN 21 

WAQRHPGGSRLIGHHGAEDATDAFRAFHQDLNFVRKFLQPLLIG 94 



RPASMKQQHTFTKPKEDKPVLTATWEGGFTVQAYDDAIQDLHKHHSHDLI 149 



■ELA 97 



KDAVLQKDLNGDQIRNAYRKLEAELYAKGLFKCNYWKYAREGCRYTLLIF 199 
— YYLKDYSVSEVSKDYRKLVFEFSKMGLYDKKGHIMFATLCFIAMLFA 125 

QRVDAYFAEHGLTQRDNPSMYLKTLI IVLWLF 52 

RRVNAYLEAENISPRDNPPMYLKTAIILAWW 53 

PEEPSQDGPLNAQLVEDFRALHQAAEDMKLFDASPTFFAFLLGHILAMEV 147 



LSLWFTLKGTETWHYMAGAAFMAMFWHQLV— FTAHDAGHNEITGKSEID 
MSVYGVLFCEGVLVHLFSGCLMGFLWIQSG— WIGHDAGHYMWSDSRLN 
SAWAFVLFAPVIFPVRLLGCMVLAIALAAFSFNV GHCAN'Hp YSSNPHIN 

GGYSKYQWVN 



SAWTFWFGPDVLWMKLLGCIVLGFGVSAVGFNiaHDGKH 



LAWLLIYLLGPGWVPSALAAFILAISQAQS-WCLyHL'LGHASIFKKSWWN 



247 

173 

102 

103 

196 



HVIGVIIANFIGGLSLGWWKDNHN-VHHIVTNHPEHDPDIQHVPFMAITT 
KFMGIFAANCLSGISIGWWKWNHN-AHHIACNSLEYDPDLQYIPFLWSS 
RVLGMT YD— FVGL S SFLWRYPliliVLHHT YTNI LGHDVE I HGDGAVRMS P 



YLSGLTHD— AIGVSSYLWKFFHN”/LHf^TYTNILGHDVEIHGDELVRMSP 
HVAQKFVMGQLKGFSAHVIWNFRHr'-^HHAKPNIFHKDPDVTVAPVFLLGE 



296 

150 

151 
245 



— KFFNNIYSTYYKRVLPFDAASRFFVRHQHYLYYLILSFGRFNLHRLSF 344 
— KFFGSLTSHFYEKRLTFDSLSRFFVSYQHWTFYPIMCAARLNMYVQSL 270 
EQEHVGIYRFQQFYIWGLYLFIPFYWFLYDVYLVLNKGKYHDHKIPPFQP 200 
SMEYRWYHRYQHWFIWFVYPFIPYYWSIADVQTMLFKRQYHDHEIPSPTW 201 
SSVEYGKKK RRYLPYNQQHLYFFLIGPPLLTLVNFEV 282 



AYLLTCKNVRTRTLELVGITFFFVWFGSLLSTLPTWNIRIAYIMVSYMLT 394 
IMLLTKRNVSYRAQELLGCLVFSIWYPLLVSCLPNWGERIMFVIASLSVT 320 
LELASLLGIKLLWLGYVFGLPLALGFSIPEVLIGASVTYMTYGIWCTIF 250 
VDI ATLLAFKAFGVAVFL IIP I AVGYS PLEAVI GAS I VYMTHGLVACWF 251 
ENLAYMLVCMQWADLLWAASFYARFFLSYLPFYGVPGVLLFFVAVRVLES 332 

FPLHVQITLSHFGMSTEDRGPD-EPFPAKMLRTTMDVDCP-EWLDWFHGG 442 
GMQQVQFSLNHFSSSVYVGKPKGNNWFEKQTDGTLDISCP-PWMDWFHGG 369 
MLAHVLESTEFLTPDGESGAID-DEWAICQIRTTANFATNNPFWNWFCGG 299 
MLAHVIEPAEFLDPD— NLHID-DEWAIAQVKTTVDFAPNNPIINWYVGG 298 
HWFVWITQMNHIPKEIGHEKHR— DWVSSQLAATCNVEPS-LFTNWFSGH 379 



Figure 9. Continued on next page. 
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LQYQAVHHLFPRLPRHNLRQCVPLVKKFCDEVGLHYYMYN-FSTGNGWL 

LQFQIEHHLFPKMPRCNLRKISPYVIELCKKHNLPYNYAS-FSKANEMTL 

LNHQVT,HHLrFXICHIHYPQLENIIKDVCCEFGVEYKVYPTFKAAIASNY 



LNYQF'-jKHLFPfilCHIHYPKIAPILAEVCEEFGVNYAVHQTFFGALAANY 

lnfqieHTTTTTrmprhnysrvaplvkslcakhglsyevkp-fltalvdiv 



491 

418 

349 

348 

428 



GTLKSVADQVGFMNEVAKSNAE I WANDKEHAH 523 
RTLRNTALQARDITKPLPKN-LVWEALHTHG- 448 



RVJLEAMGKAS 359 

SVJLKKMSINPETKAIEQLTV 368 

RSLKKSGDIWLDAYLHQ 445 



Figure 9. Comparison of the deduced amino acid sequence of the desaturase from M. 
rouxii, B. officinalis, Synechocystis, Spirulina platensis and H. sapiens. The deduced amino 
acid sequence of the Spirulina-ls desaturase contained 368 amino acid residues (accession 
number CAA 60573). The signature motifs common to fatty acid desaturase are boxed and 
highlighted in gray, while the other residues subjected to site-directed mutagenesis are 
highlighted in gray (modified from [51, 52]). 

Taken together, the data obtained from experiments using the two expression systems 
described above revealed that the recombinant desaturase expressed in the yeast cells is 
active in vivo, despite the small amount of GLA [70]. This finding suggests that the enzyme is 
able to use an electron donor available in yeast cells for the desaturation reaction. This 
electron donor likely to be cytochrome bs, which is used as an immediate electron donor for 
the yeast desaturation process [128]. Moreover, many plant-acyl-lipid desaturases use 
cytochrome bs, which is absent in E. coli and cyanobacteria, as an electron donor for the 
reaction [128]. These studies in Spirulina show that the presence of cytochrome bs in baker’s 
yeast can complement ferredoxin, thought to act as an electron donor for the A° desaturation 
by Spirulina- A* desaturase [70]. In addition, according to a study by Domergue et al. [30], 
when exogenously supplied fatty acids, including linoleic acid, enter the yeast cells, they are 
mostly converted to acyl-CoAs, and the sn-2 position of phosphatidylcholine (PC) is the 
major site for A^ desaturation in yeast. Only a small proportion is incorporated into lipids that 
form the substrate upon which the cyanobacterial desaturase can react. This may explain the 
low GLA yield obtained from the expression of Spirulina-/^ desaturase in yeast in the 
presence of its substrate. 

In conclusion, the evidence obtained from the expression of S/7/rM//na-desaturase genes in 
the heterologous systems described previously raised a number of questions concerning the 
electron donor used in the SpirulinaS^ desaturation reaction; therefore, studies regarding 
essential cofactor(s) used in the desaturation reaction were carried out. 

Cofactors Involved in A* Desaturation Reaction 

First, it is well established that an amount of a desaturation cofactor, ferredoxin, is 
present in E. coli cells at a very low level, approximately 0.05% of the total protein in the cell 
[135]. Therefore, it is most likely that E. coli cells possess an insufficient quantity of the 
electron donor, ferredoxin, for the Spirulina-A^ desaturation reaction. Moreover, this 
hypothesis is supported by the study of Gaboon et al. [14], which found that the plant- AGP 
desaturase expressed in E. coli requires the coexpression of ferredoxin protein for its activity 
in vivo. Thus, there are two hypotheses; (i) if the cytochrome bs can complement the role of 
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ferredoxin in the Spirulina-A^ desaturation reaction, the coexpression of the cytochrome b; 
domain and desD in E. coli could lead to GLA production in the cells, and (ii) increasing the 
level of cytochrome bs, which is thought to act as immediate electron donor of the A° 
desaturation reaction, in the cells by coexpression of cytochrome bs and desD genes could 
lead to the increasing level of GLA production. Two studies [52, 69] were carried out in order 
to prove the hypotheses. 

The Spirulina-A^ desaturase cannot function in E. coli host cells unless the cofactors are 
provided and the reaction is carried out in vitro [48]. Therefore, in order to prove the first 
hypothesis, the cytochrome bs domain was either coexpressed with the desD gene or N- 
terminally fused to the desD gene and then expressed in E. coli cells. The cytochrome bs 
domain was obtained by PCR-amplification from the Mucor rouxii-A° desaturase gene, which 
naturally contained the fusion of cytochrome bs domain and the A” desaturase gene [52]. In 
the case of coexpression, pACYC184 (New England Bio labs) was used for cloning the 
cytochrome bs domain of A® desaturase iso form II from M. rouxii, while pTrcHisA was used 
for cloning the Spirulina-desD gene for coexpression of the two genes in E. coli. To carry out 
the coexpression studies in E. coli host cells, the recombinant plasmids pACYC-cytb5 and 
^Txc-desD were co-fransformed into E. coli DH5a competent cells. Western blot analyses 
using monoclonal antibodies raised against the cytochrome bs domain and desaturase were 
performed to detect the expression of the target proteins. The results demonstrate that the 
GLA can be synthesized in E. coli host cells {in vivo) coexpressing these two proteins, which 
indicates the complementary role of cytochrome 65 to ferredoxin in the ts desaturation 
reaction [52]. Moreover, the requirement of cytochrome bs for the activity of A® desaturase in 
vivo was confirmed by single substitution mutation of the H52 residue located in the signature 
motif, HPGG, of the domain (figure 1 0). After fatty analysis, the GLA is absent in the E. coli 
transformants carrying the mutated cytochrome bs (figure 1 1). 



MSSDVGATVPHFYTRAELADIHQDVLDKKPEARKLIWENKVYDITDFVFDHPGGE 

VLLTQEGRDATDVFHEMHPPSAYELLANCYVGDCEPKLPIDST 

Figure 10. The deduced amino acid sequence of the cytochrome 65 domain from Mucor rouxii contains 
100 amino acid residues. The signature motif (HPGG) is highlighted in gray (modified from [52]). 

In the case of N-terminally fused cytochrome bs and desD genes, the fatty acid analysis 
results reveal that the GLA production level in vivo, by the fusion of these two proteins in E. 
coli, is about 25% lower than that of the coexpression of the fungal cytochrome bs and 
Spirulina-A^ desaturase (table 5) [52]. The results suggest that when the cytochrome b$ 
domain is fused to Spirulina A^-acyl-lipid desaturase, its primary structure resembles that of 
all the “front-end” desaturases, which introduce a double bond between the carboxyl-end of 
the fatty acid and the pre-existing double bond. These desaturases display cytochrome b$ 
fusion af their N-terminus [92, 128]. This finding in Spirulina leads to the idea that the nature 
of the chemical reaction of these “front-end” desaturases is distinct from the cyanobacterial 
desaturation reaction. 
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Figure 11. GC profiles of total fatty acids from E. coli containing (A) vectors, pTrcHisA and 
pACYC184, (B) wild-type gene, pTrc-desD, (C) wild-type gene fused with cytochrome b; domain, 
pTrc-r/e5Z)-cytb5, (D) wild-type gene coexpressed with cytochrome b; domain, pTrc-desD-coexp- 
pACYC-cytb5, (E) wild-type gene coexpressed with mutated cytochrome bj domain, pTrc-r/esZ)-coexp- 
pACYC-cytb5H52A, grown in supplemented M9 medium in the presence of the substrate. The X- and 
Y-axes are retention time (min) and detector response, respectively. 16:1, 18:1, 18:2 and 18:3 represent 
Ib;!^’, 18:1^", 18:2^’’ and 18;3^®’‘’’‘^ respectively (modified from [52]). 

To prove the second hypothesis regarding the increasing level of cytochrome bs leading 
to enhancement of GLA production, a similar study was carried out in the yeast system, 
where the cytochrome bs is already present. However, in this case, a different expression 
system, pYES2, was used. The data shown in table 5 clearly demonstrate that the 
coexpression of the fungal cytochrome bs and Spirulina-A^ desaturase in S. cerevisiae 
enhance the GLA production in vivo by approximately 20%, whereas the fusion of these two 
proteins in yeast caused a reduction (around 29%) in the GLA level compared to the results 
obtained with the expression of Spirulina-A^ desaturase in S. cerevisiae. There are several 
reports that support the positive effects of free cytochrome b^ on the activity of a A® 
desaturase, which naturally contains a cytochrome bi domain [38, 86]. Furthermore, the 
enhancement of the GLA level in the two host cells after the coexpression may be explained 
by two possibilities. First, the formation of the membrane tubules is found in E. coli to 
accommodate the overexpression of membrane-bound proteins [149, 156]. Second, the higher 
level of the two recombinant proteins, which are membrane-bound proteins, could stimulate 
the formation of many pairs of stacked membranes, called karmella, around the yeast nucleus 
[146], and might, as a result, provide an extra site for the newly synthesized fatty acids, GLA. 






Table 5. The amount of fatty aeid (% dry weight) of £. coli and 5. cerevisiae eontaining the designated plasmids grown in supplemented 
M9 medium and SD medium, respeetively, in the presenee of LA (18:2^^’^^) (modified from [52]) 



Samples 


amount of fatty acid (mg. lOOg celt^) * 


C16:0 


Cl 6:1 


C18.0 


C18:l 


Cl 8:2 


C18:3 


Expression in E. coli 














Vectors 














p TrcHisA-coexp-pA CYC 184 


3.06+0.009 


0.56+0.002 


0.05+0.0001 


0.77+0.003 


0.17+0.0005 


0 


Wild-type gene 














pTrc-desD 


4.55+0.064 


0.56+0.003 


0.05+0.0004 


0.37+0.009 


0.11+0.0454 


0 


Fusion 














pTrc-desD-cyt b5 


2.53+0.049 


0.29+0.001 


0.04+0.0001 


0.17+0.021 


0.09+0.0001 


0.015+0.0002 


Coexpression 














pTrc-desD-coexp-pACYC-cyt b5 


2.43+0.006 


0.26+0.005 


0.04+0.0006 


0.16+0.002 


0.13+0.0014 


0.020+0.0007 


pTrc-desD-coexp-pACYC-cyt b5H52A 


3.07+0.003 


1.01+0.015 


0.04+0.0003 


0.80+0.003 


0.46+0.0023 


0 


Expression in S. cerevisiae 














Vectors 














pYES2 


1. 10+0.017 


2.49+0.020 


0.32+0.0397 


1.20+0.005 


0.07+0.0021 


0 


Wild-type gene 














pYdesD 


0.98+0.005 


2.32+0.008 


0.25+0.0008 


1.06+0.003 


0.07+0.0127 


0.035+0.0003 


Fusion 














pYdesD-cyt b5 


0.82+0.007 


1.92+0.029 


0.21+0.0033 


0.89+0.017 


0.05+0.0002 


0.025+0.0034 


Coexpression 














pYdesD-coexp-pYcyt b5 


1.12+0.043 


2.72+0.098 


0.27+0.0003 


1.19+0.001 


0.06+0.0004 


0.044+0.0020 

















*The values represent the average of three independent experiments. 
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Thus, it can be concluded that the free form of cytochrome can act as an immediate 
electron donor in the reaction catalyzed by Spirulina A®-acyl-lipid desaturase, and it also 
essential for the activity of the enzyme in vivo in the two heterologous host systems. 

To prove the second hypothesis regarding the increasing level of cytochrome bs leading 
to enhancement of GLA production, a similar study was carried out in the yeast system, 
where the cytochrome b^ is already present. However, in this case, a different expression 
system, pYES2, was used. The data shown in table 5 clearly demonstrate that the 
coexpression of the fungal cytochrome bs and Spirulina-A^ desaturase in S. cerevisiae 
enhance the GLA production in vivo by approximately 20%, whereas the fusion of these two 
proteins in yeast caused a reduction (around 29%) in the GLA level compared to the results 
obtained with the expression of Spirulina-/^ desaturase in S. cerevisiae. There are several 
reports that support the positive effects of free cytochrome b^ on the activity of a A® 
desaturase, which naturally contains a cytochrome bs domain [38, 86]. Furthermore, the 
enhancement of the GLA level in the two host cells after the coexpression may be explained 
by two possibilities. First, the formation of the membrane tubules is found in E. coli to 
accommodate the overexpression of membrane-bound proteins [149, 156]. Second, the higher 
level of the two recombinant proteins, which are membrane-bound proteins, could stimulate 
the formation of many pairs of stacked membranes, called karmella, around the yeast nucleus 
[146], and might, as a result, provide an extra site for the newly synthesized fatty acids, GLA. 
Thus, it can be concluded that the free form of cytochrome bs can act as an immediate 
electron donor in the reaction catalyzed by Spirulina A®-acyl-lipid desaturase, and it also 
essential for the activity of the enzyme in vivo in the two heterologous host systems. 

Another study involving cofactors of the Spirulina-A^ desaturase reaction investigated the 
effects of immediate and intermediate electron donors and their relation to the last step of the 
desaturation process in Spirulina. In this work, the Spirulina-iQVCQAoxm gene was cloned and 
coexpressed with the A^ desaturase, and the cytochrome bs and the A® desaturase were also 
coexpressed in E. coli. The cultures containing the A® desaturase coexpressed with 
cytochrome bs and ferredoxin were exogenously supplied with the intermediate electron 
donors, NADPH (nicotinamide adenine dinucleotide phosphate, reduced form) and FADH 2 
(flavin adenine dinucleotide, reduced form), respectively. The Spirulina-iQVCQAoxm gene 
(GenBank DQ835395) was successfully cloned, and then the coexpression of Spirulina-A^ 
desaturase and ferredoxin proteins was detected by western blot analysis. The two target 
proteins were N-terminally tagged with six histidine residues so they could be detected by a 
monoclonal antibody directed against the histidine-tag. The proteins were detected at 
approximate molecular masses of 47 and 10 kDa, which corresponded to the approximate 
molecular masses of Spirulina-A^ desaturase and ferredoxin [69]. 

The fatty acid analysis results show that when the NADPH was exogenously added to the 
cells coexpressing A® desaturase and cytochrome bs, the level of GLA product increased 
drastically, by approximately 50% (table 6). In contrast, when the same intermediate electron 
donor was added to the cells coexpressing A^ desaturase and ferredoxin, the GLA level 
remained stable (table 6). This indicates that NADPH is specific for the particular 
desaturation reaction when cytochrome bs acts as the cofactor. The same pattern of specificity 
was also observed when FADH 2 , generated from the co-addition of NADPH and FAD into 
the transformant cell cultures, was used as an intermediate electron donor to transfer electrons 
to ferredoxin (table 6). This finding is well supported by the knowledge that the electron 
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transfer process occurred via electron flow from NADPH to FAD and then to ferredoxin [58, 
148]. These results clearly indicate the importance and specificity of the intermediate electron 
donors to the immediate electron donors in the fatty acid desaturation reaction of Spirulina-A^ 
desaturase in the heterologous host, E. coli. 

Taken together, the results obtained from the studies using heterologous expression 
systems [48, 52, 70] demonstrate that, besides the level of immediate electron donors, the 
level of intermediate electron donors is also critical for GLA production. Therefore, if the 
pools of the immediate and intermediate electron donors in the cells are manipulated, the 
GLA production in the heterologous host will be affected. 

Characterization of Spirulina-desD Gene 

In addition to the cofactors, the coding region of the desD gene has been functionally 
characterized. In addition to the functional identification of the three histidine clusters 
described previously, identification of other amino acid residues involved in the enzymatic 
activity was also performed [51]. A sequence comparison of various desaturases from 
various organisms was performed, as shown in figure 9. The alignment revealed three 
conserved histidine clusters, a number of conserved residues among all listed organisms and a 
few conserved residues among cyanobacterial species possibly involved in the desaturation 
activity. Therefore, a series of site-directed mutations were generated in the desD gene to 
evaluate the role of these residues in the enzyme function. There are two groups of mutations; 
(/) mutations at conserved histidine residues that are part of histidine motifs (H89R, H93R, 
H124R, H128R, H129R, H305R and H306R), and {ii) mutations at conserved amino acids 
outside the histidine motifs (R123N, G136H, E140Q, W294G, H313R, H315N and D138N). 
The plasmids containing the mutated desD genes were co-fransformed with the cytochrome 
hj domain into E. coli cells, and the cultures were grown in the presence of the reaction 
substrate, linoleic acid, before being subjected to recombinant protein expression detection 
and fatty acid analysis. It is noteworthy that the recombinant proteins expressed in the host 
cells are the same size as the wild type (47 kDa); however, the activity of the mutated 
recombinant enzymes are different from that of the wild type recombinant enzyme (table 7). 
Interestingly, the results also demonstrate the alteration in the enzyme regioselectivity from 
A® to A'^ (figure 12), leading to the production of a-linolenic acid (18:3'^^’*^’'^) instead of y- 
linolenic acid (18:3 ^^’' 2 , 6 ^ Several findings regarding alteration in enzyme regioselectivity 
have been reported. In an evolutionary study of desaturases by Sperling et al. [128], the 
authors reported the creation of a new regioselectivity for a desaturase after changes to the 
amino acid sequence adjacent to the active site, which forms the substrate channel. 
Furthermore, a study by Gaboon et al. [15] showed that a single mutation of LI 18W caused a 
shift in the substrate specificity of acyl-ACP A^ desaturase. In addition. Whittle and Shanklin 
(2001) employed a combinatorial saturation mutagenesis approach to identify two key 
residues that play a substantial role in the substrate specificity of A^-ACP desaturase [157]. 
Meanwhile, Broadwater et al. (2002) reported that the substitution of 4-7 residues in A. 
thaliana FAD2, which exhibits desaturase activity, with residues from Ricinus communis 
LFAFI, which exhibits both hydroxylase and desaturase activity, results in a substantial 
hydroxylase activity of the mutated FAD2 [13]. Moreover, they also show that a single 
mutation of methionine at position 324 to isoleucine can cause a substantial shift in catalytic 
specificity. However, the finding by Hongsthong et al. [51] is the first to demonstrate the 
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changing of an enzyme regioselectivity in Spirulina. Later, the same group of researchers 
carried out another study involving the alteration of A® desaturase regioselectivity. 

In this study, the focus was on the role of the A® desaturase N-and C-termini, which are 
likely located in the cytoplasmic phase. Clones containing truncated N-and C-termini by 10 
(NIO and CIO) and 30 (N30 and C30) amino acids were generated. Truncated enzymes were 
expressed in E. coli by employing the pTrcHisA expression system. The typical experimental 
procedure for the E. coli expression system was employed. The results showed that both the 
wild type and all the truncated A® desaturases - NIO, N30, CIO and C30 - were detectable 
with approximate molecular masses of 45-47 kDa. The fatty acid analysis of the 
transformants containing NIO, N30, CIO and C30 revealed a-linolenic acid (ALA; 
18:3A9 ,i2,i 5) instead of the synthesis of GLA (18:3^^’’^’®). The truncation of either the 

N- or C-terminus resulted in a change in the regioselectivity of the enzyme from v-l-3 
regioselectivity, which measures from a preexisting double bond [120], to co3 regioselectivity, 
which measures from the methyl end of the substrate. However, the mechanism underlying 
the alteration of the regioselectivity in truncated forms of the enzyme is still unknown. It was 
suggested by Li and Poulos, in a study of the relationship between fatty acid metabolism and 
cytochrome P- 450 bm- 3 , that a conformational change of the mutant enzyme induced by 
substrate binding could possibly affect the regiospecificity [75]. 

Beyond this truncation study in Spirulina, the construction of amino and carboxyl 
terminal truncation mutants is a widely used approach to study the functional role of amino 
acid residues contained in these terminals [56, 105], including the study of their role in stress 
response mechanisms [21, 57]. Moreover, a study by Sasata et al. [115] on the regioselectivity 
of a membrane-bound desaturase supports the important roles of the N- and C-termini of this 
enzyme, which are located in the cytoplasmic phase. 

Taking all these data involving Spirulina-A^ desaturase characterization together, it 
appears that: (i) H313 is involved in the regioselectivity of the enzyme [51], (ii) the three 
histidine clusters together with H313, H315, D138 and E140 are required for enzymatic 
activity, most likely as providers of the catalytic Fe center [51], (Hi) W294 is also essential 
for the activity of the A^ desaturase, possibly by forming part of the substrate binding pocket 
[51] and (iv) the N- and C-termini play a role in the regioselectivity of the enzyme [68]. The 
information obtained in the course of these studies should be useful for further research on the 
production of co6 and co3 fatty acids in the heterologous host using modified cyanobacterial 
enzymes. However, the question regarding the feasibility of industrial scale production using 
the two heterologous systems for the target high value chemical, GLA and ALA, production 
still remains. 




Table 6. The amount of fatty aeid (% dry weight) of £. coli eontaining the designated plasmids grown 
in supplemented M9 medium in the presenee of LA (18:2^’’*^) and either in the absenee or 
presenee of an intermediate eleetron donor (in parenthesis) (modified from [69] 



Sample 


amount of fatty acid (mg. lOOg celt^) * 




C16:0 


C16:l 


C18:0 


C18:l 


C18:2 


C18:3 


Vectors 














pTrcHisA-coexp-pACYC184 


2.802M.056 


0.54+0.017 


0.033+0.0050 


0.244+0.003 


1.986+0.0478 


0 


pTrcHisA-coexp-pACYC184 (+NADPH) 


2.7F0.I12 


0.809+0.022 


1.033+0.0174 


0.269+0.004 


2.043+0.0392 


0 


pTrcHisA-coexp-pACYC184 (+FAD) 


2.711+0.043 


0.792+0.124 


2.033+0.0031 


0.274+0.008 


2.364+0.4187 


0 


Coexpression with ferredoxin 














pTrc-desD+pACYC-Fd 


3.046M.033 


0.8+0.060 


4.033+0.0089 


0.214+0.045 


2.082+0.0056 


0.013+0.0013 


pTrc-desD+pACYC-Fd (+NADPH) 


3.016+0.319 


0.709+0.107 


5.033+0.0009 


0.246+0.007 


2.371+0.0859 


0.015+0.0005 


pTrc-desD+pACYC-Fd (+FAD) 


2.873+0.129 


0.809+0.015 


6.033+0.0016 


0.246+0.004 


1.829+0.0010 


0.012+0.0006 


pTrc-desD+pACYC-Fd (+NADPH+FAD) 


2.538+0.168 


0.836+0.002 


0.024+0.0002 


0.28+0.011 


2.219+0.0100 


0.02+0.0007 


Coexpression with cytochrome b5 














pTrc-desD+pACYC-cyt h5 


2. 705+0.147 


0.37+0.417 


8.033+0.0018 


0.277+0.027 


1.518+0.0465 


0.013+0.0020 


pTrc-desD+pACYC-cyt b5 (+NADPH) 


2.776+0.042 


0.693+0.048 


9.033+0.0021 


0.26+0.013 


1.885+0.0600 


0.023+0.0007 


pTrc-desD+pACYC-cyt hS (+FAD) 


2.538+0.181 


0.593+0.063 


10.03 3 If). 00 17 


0.23+0.009 


2.95+0.0782 


0.015+0.0007 


pTrc-desD+pACYC-cyt b5 
(+NADPH+FAD) 


2.092+0.077 


0.755+0.001 


0.017+0.0005 


0.246+0.003 


1.681+0.0014 


0.016+0.0002 



*The values represent the average of three independent experiments. 
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Table 7. Specific activity of the modified Spirulina-\^ desaturase enzyme obtained from 
site-directed mutagenesis, expressed in E. coli in the presence of 300 pM sodium 
linoleate. The assay for enzyme activity was carried out in vitro (modified from [51]) 



Residues changed 


Specific activity 

(mg GLA.mg protein ‘ ,h~‘ ) 


% Activity remaining 
(compared with wild-type 
enzyme*) 


In the first histidine 
cluster 






H89R 


0 


0 


H93R 


0.4 


11 


In the second histidine cluster 




H124R 


0 


0 


H128R 


0 


0 


H129R 


0 


0 


In the third histidine cluster 




H305R 


0.6 


17 


H306R 


0 


0 


Outside the three conserved clusters 




H313R 


0 


0 


H315N 


0 


0 


R123N 


3.3 


91 


GI36H 


0 


0 


E140Q 


0 


0 


W294G 


0 
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0 



The values represent the average of three independent experiments. The deviation of the specific 
activity is within ±0.02. *The specific activity of wild-type Spirulina- desaturase enzyme 
expressed in E. coli in the presence of 300 pM sodium linoleate was 3.6 mg GLA.mg protein"'. h"'. 
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Figure 12. Mass spectra obtained from the GC-MS analysis of the DMOX derivative of the fatty acid 
extracted from if. coli containing (A) pTrc-de5/)-coexp-pACYC-cytb5, which represents the m/z ratios 
of y-linolenic acid, 194, 206, 234, 246, 220, 274, 166 and 167, indicating double bond positions at A9, 
A12 and A6, (B) pTrc-de579-H313R, which represents the m/z ratios of a-linolenic acid, 196, 208,236, 
248, 276 and 288, indicating double bond positions at A9, A12 and A15, grown in supplemented M9 
medium in the presence of the substrate (modified from [51, 52]). 



2.2. Industrial Scale Production Feasibility for GLA 
and ALA by Heterologous Expression 

When the feasibility of the industrial scale production of GLA and ALA employing the 
previously mentioned heterologous systems is examined, it appears the recently available 
systems might not be capable of fulfilling this purpose due to the extremely low levels of 
GLA and ALA produced by these systems. The GLA and ALA levels need to be at least 3% 
of the dry weight in order to be cost-effective for industrial scale production; however, the 
levels of these two polyunsaturated fatty acids produced by the heterologous expression 
systems are around 0.01-0.04%. While the information obtained from all the heterologous 
expression studies should be useful for further research on the production of co6 and co3 fatty 
acids in the heterologous host using the modified Spirulina-enzyme, the systems need to be 
improved before they can be applied for industrial scale production. However, the most 
effective production system should be Spirulina itself. If the transformation system in 
Spirulina is stable, this problem would be easily resolved. Thus, it is important to break 
through the boundary and construct an effective transformation system in Spirulina. 



Overview of Spirulina: Biotechnological, Biochemical. . . 



93 



Future Prospects 

Spirulina has high potential as a human food supplement due to its high levels of protein, 
vitamins, minerals, antioxidants and polyunsaturated fatty acids. The ability to grow this 
cyanobacterium via outdoor mass cultivation year round in a tropical country gives it an 
advantage over other cyanobacteria and plants. However, in terms of high value chemicals, 
such as GLA, a major obstacle is the lack of an effective transformation system in Spirulina 
since the heterologous expression systems are not feasible for industrial scale production. 
Therefore, if the cost-effectiveness for industrial scale production is considered, the ability to 
increase the cellular outputs of mass outdoor cultivation as well as the outputs of the high 
value chemical contents in the cells has to be developed. Therefore, in the near future, after 
the Spirulina genome project is completed, the mysteries behind the difficulties underlying 
transformation system construction can be unraveled. Consequently, all the knowledge that 
we have been gathering during the past decade can be used to achieve the goal regarding the 
use of Spirulina as a cell factory of high value chemical production. Finally, the knowledge 
obtained regarding the metabolic pathways of Spirulina can provide models for plants due to 
the evolutionary relationship of cyanobacteria and plants. 
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Abstract 

Cyanobacteria are prokaryotic oxygen-evolving photosynthetic organisms which had 
developed a sophistieated linear eleetron transport ehain with two photoehemieal reaetion 
systems, PSI and PSII, as early as a few billion years ago eyanobaeteria. By 
endosymbiosis, oxygen-evolving photosynthetie eukaryotes are evolved and ehloroplasts 
of the photosynthetie eukaryotes are derived from the aneestral eyanobaeteria engulfed 
by the eukaryotie eells. Cyanobaeteria employ phyeobiliproteins as major light- 
harvesting pigment eomplexes whieh are brilliantly eolored and water-soluble 
ehromophore-eontaining proteins. Phyeobiliproteins assemble to form an ultra-moleeular 
eomplex known as phyeobilisome (PBS). Most of the PBSs from eyanobaeteria show 
hemidiseoidal morphology in eleetron mierographs. The hemidiseoidal PBSs have two 
diserete substruetural domains: the peripheral rods whieh are staeks of disk-shaped 
biliproteins, and the eore whieh is seen in front view as either two or three eireular 
objeets whieh arrange side-by-side or staek to form a triangle. For typieal hemidiseoidal 
PBSs, the rod domain is eonstrueted by six or eight eylindrieal rods that radiate outwards 
from the eore domain. The rods are made up of dise-shaped phyeobiliproteins, 
phyeoerythrin (PE), phyeoerythroeyanin (PEC) and phyeoeyanin (PC), and 
eorresponding rod linker polypeptides. The eore domain is more eommonly eomposed of 
three eylindrieal sub-assemblies. Eaeh eore eylinder is made up of four dise-shaped 
phyeobiliprotein trimers, allophyeoeyanin (AP), allophyeoeyanin B (AP-B) and AP eore- 
membrane linker eomplex (AP-Lcm)- By the eore -membrane linkers, PBSs attaeh on the 
stromal side surfaee of thylakoids and are strueturally eoupled with PSII. PBSs harvest 
the sun light that ehlorophylls poorly absorb and transfer the energy in high effieieney to 
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PSII, PSI or other PBSs by AP-Lcm and AP-B, known as the two terminal emitters of 
PBSs. This direetional and high-effieient energy transfer absolutely depends on the 
intactness of PBS structure. For cyanobacteria, the structure and composition of PBSs are 
variable in the course of adaptation processes to varying conditions of light intensity and 
light quality. This feature makes cyanobacteria able to grow vigorously under the sun 
light environments where the photosynthetic organisms which exclusively employ 
chlorophyll-protein complexes to harvesting sun light are hard to live. Moreover, under 
stress conditions of nitrogen limitation and imbalanced photosynthesis, active 
phycobilisome degradation and phycobiliprotein proteolysis may improve 
cyanobacterium survival by reducing the absorption of excessive excitation energy and 
by providing cells with the amino acids required for the establishment of the ‘dormant’ 
state. In addition, the unique spectroscopic properties of phycobiliproteins have made 
them be promising fluorescent probes in practical application. 



1. Introduction 

Life on earth depends on the process of oxygen-evolving photosynthesis, where the 
oxygenic photo synthetic organisms use the light energy from the sun to convert CO 2 into 
carbohydrates. Two photochemical reaction systems, named photosystem I (PSI) and 
photosystem II (PSII), catalyze the first step of this conversion where the light induces charge 
separation between thylakoid membranes. In both photosystems, the energy of photons from 
sun light is employed to translocate electrons across the thylakoid membrane via a linear 
chain of electron carriers. Water that is oxidized to O 2 and 4H^ by PSII in the lumenal side of 
thylakoids acts as electron donor for the whole linear electron transfer process. The electron 
transfer processes are coupled with a build up of a difference in proton concentration across 
the thylakoid membrane. The establishing electrochemical potential drives the synthesis of 
ATP from ADP and inorganic phosphate, which is catalyzed by the ATP-synthase located 
across the thylakoid membrane. Finally, PS I reduces ferredoxin, which provides the electrons 
for the reduction of NADP^ to NADPFI by feredoxin-NADP^-oxidoreductase (FNR). 
NADPH and ATP are eventually used to reduce CO 2 to carbohydrates in the subsequent dark 
reactions that the carbon-linked reactions of photosynthesis coordinate with the light-driven 
photochemical reactions. 

Cyanobacteria are prokaryotic oxygen-evolving photosynthetic organisms. They use 
chlorophyll a (Chla) and phycobiliproteins to function as major photosynthetic pigments. In 
the history of photosynthetic organism evolution, as early as a few billion years ago 
cyanobacteria had developed a sophisticated linear electron transport chain with two 
photochemical reaction systems, PSI and PSII [1-3]. The two photosystems driven by sun 
light are able to pull electrons from water and give rise to molecular oxygen. Investigations 
on plasmid evolution of photosynthetic organisms based on phylogenetic relationships as well 
as morphological and biochemical similarities have adequately demonstrated that chloroplasts 
of eukaryotic photosynthetic organisms are derived from an ancestral cyanobacterium by 
means of an endosymbiotic event where the cyanobacterium was incorporated into a 
heterofrophic and eukaryotic host cell to form a primary symbiotic oxygen-evolving 
photosynthetic eukaryote. The cyanobacterium engulfed by the eukaryotic cell was then 
reduced and transformed into a membrane-bounded photosynthetic organelle (plastid), partly 
by the loss of much of its genome and the transfer of most of the remaining genes to the 
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nucleus of its bost eukaryote [2-9]. Tbis original uptake and retention of a cyanobacterium by 
a beterotropbic eukaryote is referred to primary endosymbiosis, and tbe correspondingly 
evolved pbotosyntbetic organelles (cbloroplasts) that function oxygen-evolving 
pbotosyntbesis are called primary plastids. Altbougb oxygenic pbotosyntbesis of 
cyanobacteria appears to have evolved only once, it subsequently spreads via endosymbiosis 
to a wide variety of eukaryotes. Therefore, prokaryotic cyanobacteria are primitive oxygenic 
pbotosyntbetic organisms. 

There are three major extant pbotosyntbetic organisms that are believed to originate from 
the primary endosymbiosis: glaucophytes, red algae and green algae. Glaucophytes are a 
small group of microscopic algae found in fresh environments. Although there are only 13 
species of glaucophytes, they are important because of their occupying a pivotal position in 
the evolution of photosynthesis in eukaryotes [3-4, 10-11]. Glaucophytes inherit 
pbotosyntbetic pigments from cyanobacteria: Chla, phycobiliproteins and even 

phycobilisomes, small particles of phycobiliprotein assemblies found in cyanobacteria. Red 
algae are a very large and diverse group of microscopic algae and macroalgae which are 
present in freshwater and more common in marine environments. Red algae take over Chla, 
phycobiliproteins and also phycobilisomes from their ancestral cyanobacterium [1, 3-4]. By 
secondary endosymbiosis, the red eukaryotic primary symbionts were incorporated in a 
variety of beterotropbic and eukaryotic host cells to give rise to cryptophytes, haptophytes, 
heterokonts and perinnin-containing dino flagellates [2-4, 6, 12-14]. Rather than the two 
membranes bounding primary plastids, most secondary plastids are characterized by their four 
or sometimes three surrounding membranes. Cryptophytes inherit Chla and phycobiliproteins 
but no phycobilisomes from their ancestral red algae and in the mean time developed their 
own chlorophyll c (Chic) and corresponding Chla/c-protein complexes in evolution [1, 3, 15- 
16]. Haptophytes, heterokonts and perinnin-containing dino flagellates contain Chla, Chic but 
no phycobiliproteins [1, 3]. Green algae are another large and diverse group of predominantly 
freshwater algae. They conserved Chla, lost phycobiliproteins and developed chlorophyll b 
(Chib) and corresponding Chla/b-protein complexes in their evolution [1-4]. Green algae are 
roughly divided into chlorophytes and charophytes. Charophytes are believed to be one 
branch of green algae to give rise to land plants. By secondary endosymbiosis, three extant 
symbionts obtained primary plastids from green algae in association with three different host 
eukaryotic cells gave rise to euglenophytes, chlorarachnophytes and “green” dinoflagellates 
[3, 4, 8; 17]. These secondary symbionts contain photosynthetic pigments of Chla and Chib 
the same as their ancestral green algae. Conclusively, prokaryotic cyanobacteria are the 
precursor of various cbloroplasts of all oxygen-evolving eukaryotic organisms. 

Because of their occupying a predecessor position in the evolution of photosynthesis in 
oxygenic photosynthetic organisms, scientists have paid a great attention to investigations on 
cyanobacterium photosynthesis, especially on photochemical reaction systems and other 
electron transfer complexes, to provide a model for researches on eukaryote photosynthesis. 
For cyanobacteria, the linear electron transport chain developed in their evolution includes 
three major multi-polypeptide protein complexes, PSI, PSII and cytochrome hji complex, 
which imbed in thylakoid membranes of cyanobacteria [18-20]. PSI from cyanobacteria 
consists of 12 protein subunits, 96 Chla molecules, 22 carotenoids, three [4Fe4S] clusters and 
two phylloquinones [21-23]. Among the 12 protein subunits named according to their genes, 
there are three stromal subunits, PsaC, PsaD and PsaE, which are located on the stromal-side 
surface of thylakoid membranes, and nine membrane intrinsic subunits, PsaA, PsaB, PsaF, 
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Psal, PsaJ, PsaK, PsaL, PsaM and PsaX, which are characterized of their transmembrane a- 
helices in structure. The photochemical reaction center of PSI, where the charge separation is 
initiated, is the primary electron donor (P700) identified by spectroscopy. P700 was proved to 
be probably a dimmer of Chla molecules which were located at the lumenal side of thylakoid 
membranes [21-26]. In PSI, the electron transfers stepwise from P700 to A (a chlorophyll a 
molecule), Aq (also a chlorophyll a molecule), Ai (a phylloquinone molecule) and from there 
to the three [4Fe4S] clusters, Fx, Fa and Fb. The distal iron-sulfur cluster Fb transfers the 
electron to ferredoxin, for which the binding site is located at the stromal side of PSI. Being 
reduced, the ferredoxin leaves the docking site to transfer the electron to the ferredoxin- 
NADP^ reductase to produce NADPH [27]. In native thylakoid membranes, PSI exists as a 
trimer with a molecular mass of 1068 kDa for the whole trimeric complex [21-22, 28]. 

PSII is another chlorophyll-protein complex which works together with PSI in series in 
the photochemical reaction of cyanobacterium photosynthesis. PSII was proved to exist as a 
homodimer in native thylakoid membranes and has a molecular mass of 700 kDa [29-30]. 
Each monomer of PSII complex contains a reaction center (RC) core where light energy is 
converted into electrochemical potential energy by initiation of the light-driving charge 
separation across the thylakoid membrane and where the water-oxidizing reaction occurs in 
the lumenal side of thylakoids. The RC core consists of two homologous proteins known as 
D1 (PsbA) and D2 (PsbD) each of which contains five fransmembrane a-helices and they 
assemble in a dimeric aggregate [29-32]. The RC proteins of D1 and D2 hold pigment 
cofactors that take part in the charge separation and primary electron transport. The pigments 
include six Chla molecules of three pairs (Pdi and Pd 2 , Chlm and Chlo 2 , Chlzoi and Chlzo 2 ), 
two pheophytins (Pheooi and Pheoo 2 ) and two plastquinones (Qa and Qb) which are related 
by approximate twofold symmetry. The two central Chla molecules of Pdi and Pd 2 associate 
together in dimmer to form a special pigment pair that is referred to as P680 [30, 32-33]. 
Driven by sun light, the excited primary donor is oxidized to P680 . The P680^ is re-reduced 
via redox-active tyrosine Tyrz (D1 Tyr'^*) by an electron from a Mn^Ca cluster that catalyzes 
the oxidation of water to atmospheric oxygen [33-37]. The electron released from P680 
travels along the electron transfer chain (ETC) featuring two pairs of Chla, one pair of 
pheophytin a (Pheoa) and two plastoquinones (Qa and Qb). After two cycles, doubly reduced 
Qb is protonated by taking up two protons from the stromal side of the thylakoid membrane 
and released as plastoquinol QbH 2 into the plastoquinone pool in the thylakoid membrane. 
Then QbH 2 is oxidized to Qb by cytochrome bef complexes. Closely associated with the D1 
and D2 proteins are two Chla-containing proteins called CP43 (PsbB) and CP47 (PsbC). They 
also are structurally homologous and have six transmembrane a-helices. Each of them 
contains 12-14 Chla molecules, functioning as inner light-harvesting pigment-proteins in 
PSII. Cytochrome 6559 (Cyt- 6559) is another PSII component closely associated with the 
RC. Besides the subunits mentioned above, PSII from cyanobacteria also have other 13 small 
protein subunits, PsbH, Psbl, PsbJ, PsbK, PsbL, PsbM, PsbN, PsbO, PsbT, PsbU, PsbV, PsbX 
andPsbZ [30,33,38-39]. 

In the linear electron transfer process, PSII functions as a light-dependent water- 
plastquinone-oxidoreductase. Driven by sun light, PSII catalyzes water oxidation to release 
O 2 and 4H^ and in the mean time reduces Qb to QbH 2 released in the plastquinone pool in 
thylakoid membranes. By the plastquinone pool, PSII is coupled with a fransmembrane multi- 
subunit electron transfer in the photochemical reaction system of oxygenic organisms, known 
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as tbe cytochrome bef complex. Tbe cytochrome bef complex functions as a plastquinone- 
plastcyanin oxidoreductase to transfer electrons from reduced plastquinone to oxidized 
plastcyanin [32, 40]. The plastcyanin is a mobile electron carrier, and a low-molecular-mass 
( 1 1 kDa) and copper-containing protein in the lumenal side of thylakoid membranes. By 
acting as the electron accepter of the cytochrome bef complex and the electron donor of PSI, 
the plastcyanin links the cytochrome bef complex and PSI. From this point, PSI functions as a 
light-dependent plastcyanin-ferredoxin oxidoreductase, getting electrons by oxidizing the 
reduced plastcyanin at the lumenal side and producing NADPH by reducing NADP^ at the 
stromal side. In company with the light-dependent electron transfer process, a unidirectional 
proton accumulation occurs spontaneously across the thylakoid membrane, resulting in a high 
concentration of protons on the lumenal side of the membrane and a lower concentration of 
protons on the stromal side of the membrane. By the aid of the proton difference that supplies 
the proton motive force, the ATP synthase imbedding across thylakoid membranes catalyzes 
ATP synthesis from ADP and inorganic phosphate at the stromal side of thylakoids. This 
light-dependent ATP synthesis is known as photo synthetic phosphorylation. NADPH and 
ATP produced in the stromal side, which is in the cytoplasmal side for cyanobacteria, 
participate in the subsequent dark reactions where CO 2 is reduced and converted to 
carbohydrates. 

Cyanobacteria use Chla and phycobiliproteins as major light-harvesting pigments that 
exist in pigment-protein complexes. The complexes absorb the sun light from 400 nm to 750 
nm to support efficient performance of cyanobacterium photosynthesis. In cyanobacteria, 
Chla molecules are all combined in PSI and PSII and associated with the certain protein 
subunits: PsaA and PsaB which carry 79 of the 90 chlorophylls in one PSI monomer [21], 
CP43 (PsbB) and CP47 (PsbC) that bind 26 of the 32 chlorophylls in each PSII monomer 
[30]. In this case, these Chla-associating proteins function at most as only the inner light- 
harvesting pigment-protein complexes of PSI and PSII. In other words, cyanobacteria have no 
chlorophyll-containing proteins that act as external light-harvesting complexes like those 
found in green algae and plants (figure 1 I and II) [41-45]. However, cyanobacteria, including 
glaucophytes, red algae and cryptophytes, employ phycobiliproteins as the external light- 
harvesting complexes to provide the absorbed energy to PSII and PSI [1-2, 4]. In 
cyanobacteria, glaucophytes and red algae, phycobiliproteins assemble to form an ultra- 
molecular complex known as phycobilisome (PBS) [46], whereas the phycobiliproteins in 
cryptophytes aggregate in rod-shape complex across thylakoid lumena [16]. Phycobilisomes 
anchor on the stroma side surface of thylakoids and commonly on top of PSII (figure 1 III) 
[18, 39]. Phycobilisomes harvest the sun light that chlorophylls poorly absorb. The harvested 
light energy by PBSs predominantly transferred to PSII, under some certain conditions, 
however, the energy can also be supplied to PSI by means of PBSs moving on thylakoid 
membranes and attaching to PSI. With the aid of phycobilisomes, cyanobacteria, red algae, 
glaucophytes and even cryptophytes are able to grow vigorously under the sun light 
environments where green algae, euglenophytes and chlorarachnophytes are hard to live 
owing to their using exclusively chlorophyll-protein complexes to harvesting sun light. This 
review mainly focuses on the phycobilisomes from cyanobacteria, including structural 
characteristics of the phycobilisomes, phycobiliprotein components and their features, linker 
polypeptides and their functions, component organization of the phycobilisomes and 
applications of phycobiliproteins as fluorescent probes. 
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Figure 1. Continued on next page. 
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PS II aiid PBS in cyanobacteria 
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Figure 1. Components of a linear chain of electron carriers based on high-resolution structures 
distribute on thylakoid membranes in green algae and high plants (I), including PSII, cytochrome bef 
complex, plastcyanin (PC), PSI, ferredoxin-NADP-reductase (FNR) and chloroplast F-ATPase [42]. 
The PSII of green algae and high plants has outer Chla/b light-harvesting complexes (II), whereas the 
PSII of cyanobacteria (III) employs phycobilisomes as outer light-harvesting complexes [39]. 



2. Structure of Phycobilisomes 

Phycobilisomes are a type of supramolecular light-harvesting pigment-protein 
complexes. They were originally developed in prokaryotic cyanobacteria and inherited by the 
eukaryotic organisms of red algae and glaucophytes via primary endosymbiosis [47-48]. In 
cyanobacteria, the phycobilisomes attach on the cytoplasmic side surface of thylakoid 
membranes [49-53], whereas in red algae and glaucophytes they attach on the stromal side 
surface of the thylakoid membranes in chloroplasts [50, 54-56]. Phycobilisomes are 
composed of water-soluble pigment-carrying proteins, known as phycobiliproteins, and linker 
polypeptides. The phycobiliproteins are a family of brilliantly colored multi-subunit pigment- 
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polypeptide complexes, and each subunit of them carries one to three chromophores which 
are covalently bound to the apoproteins. Based on their different chromophores, or their 
absorption spectra, the phycobiliproteins are classified into three groups [57-61]: (1) 
phycoerythrin (PE; Zmax = 490 to 570 nm); (2) phycocyanin (PC; Z^ax = 590 to 625 nm) and 
phycoerthrocyanin (PEC; Z^ax = 560 to 600 nm); and (3) allophycocyanin (AP; Zmax = 650 to 
665 nm). The linker polypeptides function as connectors to combine phycobiliproteins 
together in phycobilisome assembly [62-65]. Phycobiliproteins and linker polypeptides will 
be reviewed in following sections. 

Phycobilisomes were found to be regularly arranged in parallel rows on the thylakoids of 
cyanobacteria and red algae [57-59]. There are four different morphological types of PBSs 
described by electron microscopy in cyanobacteria and red alga: (1) hemidiscoidal; (2) 
hemiellipsoidal; (3) bundle-shaped; and (4) block-shaped [63-65]. Block-shaped 
phycobilisomes were reported to exist in a red alga Griffithsia pacifica [67]. Hemiellipsoidal 
PBSs were the first type of PBSs isolated and examined from red algae, for example 
Porphyridium cruentum [55, 57, 68-70], Gastroclonium coulteri [71] and Antithamnion 
glanduliferum [72]. However, macrophytic red alga Porphyra umbilicalis was found to have 
both hemiellipsoidal and hemidiscoidal types of PBSs [72]. The only organism known to 
contain bundle-shaped PBSs is the cyanobacterium Gloeobacter violaceus, a unicellular 
cyanobacterium that has no thylakoids [73-75]. The PBSs of Gloeobacter violaceus has been 
proved to bind to the inner side surface of its cytoplasmic membranes. Among the four types, 
hemidiscoidal PBSs are the most common and best described PBS structures from various 
cyanobacteria [59, 76-81], in the cyanelle of a glaucophyte Cyanophora paradoxa [82-83] 
and in the red alga Rhodella violacea [54, 84] and Gracilaria tikvahiae [85-86]. 
Hemidiscoidal PBSs can be described as organelles, about 50-70 nm along the base, 30-50 
nm in height and 14-17 nm in width; each of them has a mass of 4.5 to 15 x 10^ and contains 
300-800 covalently bound chromophores [63]. Their bases are physically and energetically 
coupled predominantly to PS II embedded in thylakoid membranes; however, the PBSs may 
transfer the absorbed light energy to PS I under certain conditions [87]. 

In electron micrographs, the hemidiscoidal PBS shows two discrete substructural 
domains: peripheral rods and a core [51, 63, 65, 76-77, 88-89]. For a typical hemidiscoidal 
PBS, the core subdomain is composed of AP phycobiliproteins and AP-associated core linker 
polypeptides and it is formed of either more commonly three cylindrical or two/five 
cylindrical sub-assemblies. Each of these cylinders is comprised of four stacked disk-shaped 
AP trimers about 3.5 nm in thickness and about 11 nm in diameter. According to 
configurational differences of the core domains, the hemidiscoidal PBS is divided into three 
subgroups: 1) bicylindrical core PBSs; 2) tricylindricl croe PBSs; and 3) pentacylindrical core 
PBSs [63-65, 81]. Among them the tricylindrical PBSs are found in most reported 
cyanobacteria [63], red algae [54 , 84-86] and glaucophytes [82-83]. For the bicylindrical 
core, two cylinders, either of which comprised of four AP trimers, lay side-by-side on the 
surface of thylakoid membranes. The PBS from cyanobacterium Synechococcus sp. 6301 is 
the typical and adequately described bicylindrical core PBS (figure 2 I) [90-94]. Each 
cylinder of the bicylindrical core is considered to have a structural contact to one monomer of 
a PSII dimmer that embedded in thylakoid membranes (figure 1 III) [87]. In a tricylindrical 
core, the third cylinder made up of four AP trimers is stacked onto the two basal ones, 
producing a pyramidal configuration (figure 2 II, III and IV) [95-97]. The pentacylindrical 
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core bas additional core elements, two balf-cylinders each of wbicb is composed of two AP 
trimers. These two balf-cylinders bind on each side of tbe upper cylinder of tbe tricylindrical 
core. Investigations on tbe PBS from cyanobacterium Mastigocladus laminosus and 
Anabaena sp. PCC 7120 fully demonstrated and characterized the pentacylindrical core of 
hemidiscoidal PBSs (figure 2 V) [63, 98-99]. Besides hemidiscoidal PBSs, The core of a 
pentacylindrical type has recently been revealed and adequately described in the bundle- 
shaped PBS from the cyanobacterium Gloeobacter violaceus (figure 3) [75]. 






II The PBS from Calothrix sp. 
PCC 7601 imder green hght 



The PBS from Calothrix sp. 
PCC 7601 under red light 




TIT The PBSs from Nostoc sp. (under green light) 
(hft) and Microcystis aeruginosa (right) 



Figure 2. Continued on next page. 
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rV The PBS from Synechocystis PCC6701 




V The PBS from M. laminosus The PBS core of M. laminosus 



Figure 2. Electron micrographs of hemidiscoidal phycobilisomes from various cyanobacteria: the 
bicylindrical core PBS (I) from cyanobacterium Synechococcus 6301 [91-92]; the tricylindrical core 
PBSs from Calothrix sp. PCC 7601 [63] (II), Nostoc sp. [88], Microcystis aeruginosa [51] (III) and 
Synechocystis PCC6701 [89] (IV); the pentacylindrical core PBS and the pentacylindrical core (V) from 
Mastigocladus laminosus [63]. 

In a typical hemidiscoidal PBS, the rod domain is formed by six or eight cylindrical rods 
that radiate out from the PBS core. Each rod is made up of disk-shaped hexamers of PE, PEC 
and PC and associated rod linker polypeptides. These disk-shaped hexamers are about 6 nm 
in thickness and about 1 1 nm in diameter. The PC hexamer end of the rods always connects 
with the core. In front view (parallel to thylakoid membranes), the rods bound to the core are 
observed as circular objects arranged side-by-side, but overlap each other to a certain degree 
at their core ends where PC hexamers are always positioned [80, 89]. Commonly, in 
bicylindrical and tricylindrical core PBSs four rods bind to the core cylinders on upper 
surface, whereas one of the other two is coupled on side to each basal cylinders (figure 2 I- 
IV) [51, 63, 82, 92-94, 100]. In a pentacylindrical core PBS, six rods attach to the core 
cylinders on upper surface and similar to the bicylindrical and tricylindrical core PBSs other 
two rods bind to the two basal cylinders (figure 2 V) [63, 98-99]. Unlikely, in the bundle- 
shaped PBS bearing the core of a pentacylindrical type six rods in two rows stand up-straight 
on the surface of the three upper core cylinders and no rod binds to the two basal cylinders 
(figure 3) [74-75]. 
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The electron micrograph 
of the bundle-shaped PBS 
from cyanobacterium 
Gloeobacter violaceus 
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Figure 3. The bundle-shaped PBS from cyanobacterium Gloeobacter violaceus: (I) an electron 
micrograph [74] and (II) a model assembly [75]. The bundle-shaped PBS has a pentacylindrical core 
and six rods which stand up-straight in two rows on the surface of the three upper core cylinders. In (II), 
(A) shows six peripheral rods which are bound as a bundle to the allophycocyanin core and 
corresponding linker polypeptides; (B) shows one cylinder and two halfcylinders (centered) of the 
second level of the core, where the core cylinders is light blue in color and the six rods are seen in dark 
blue color; (C) is the side view of the pentacylindrical core; (D) is the bottom view of the 
pentacylindrical core; (E) is the top view of the pentacylindrical core. More details see reference [75]. 
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The PBSs of various types in cyanobacteria, red algae and glaucophytes all function 
predominantly as the light-harvesting complexes. They harvest sun light and are able to 
transfer the energy to PSII and PSI in high efficiency [63-65, 81, 87, 101-102], The 
directional and high-efficient energy transfer from the rods to the core within PBSs and 
finally to the photosystems is absolutely dependent on accurate construction of the PBSs and 
their rod-core structural intactness. The intactness of PBSs can be evaluated by fluorescent 
emission features of the PBSs. The intact PBSs show an intensive fluorescent emission peak 
at or longer than 670 nm, especially at 77 K, whatever wavelength light within their 
absorption spectra is used to excite the PBSs [57, 61, 76]. In contrast, any dissociation of the 
intact PBSs, even slight one, may increase the fluorescent emission at wavelength shorter 
than 670 nm and the emission may become dominant. Figure 4 gives examples of spectral 
properties of the intact PBS prepared from cyanobacterium Myxosarcina concinna Printz and 
marine red alga Polysiphonia urceolata [61, 103-104]. 
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Figure 4. Absorption (solid) and fluorescence emission (dash at room temperature and dash dot at 77 K) 
spectra of two different phycobilisomes in phosphate buffer (pFI 7.0). The two PBSs (61, 103, 104) 
were prepared by the sucrose step gradient ultrcentrifiigation in authors’ lab from a cyanobacterium 
Myxosarcina concinna (I) and a marine red alga Polysiphonia urceolata (II). 

Intact PBSs are proved to be stable in high molarity phosphate buffer in neutral pH at 
room temperature, therefore they can released from thylakoids by treatment with Triton-X- 
100 or NP-40 and commonly isolated by ultracenfrifugation on sucrose step gradients 
prepared in the high molarity phosphate buffer [105]. However, at lower ionic strength PBSs 
dissociate into their subcomplexes of phycobiliproteins. Despite the highly polar and 
hydrophilic nature of PBS constituents (water-soluble phycobiliproteins), a hydrophobic 
interaction mechanism for the formation and stabilization of the intact PBS structure is 
revealed by the fact that the structures are more stable at room temperature than at 4 C“ and 
high salt concentrations are required for the PBS stabilization [61,105]. In other words, 
charge-charge and dipole-dipole interactions play a little role in PBS construction. However, 
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tbe PBS prepared from tbe red alga Polysiphonia urceolata showed tbe stability in SDS 
solution as well as in 50 mM pbospbate buffer at 4 C“. It demonstrate that tbe mechanism of 
charge-charge and dipole-dipole interactions may play some more roles instead of 
hydrophobic interaction mechanism [61, 104, 106]. 



3. Phycobiliprotein Components of Phycobilisomes 

Phycobiliproteins are a group of chromophore-containing protein complexes and one of 
two type protein components of PBSs. They make PBSs have their spectroscopic 
characteristics. In the PBS-bearing organisms, the light energy absorbed by the 
phycobiliproteins in native PBSs is efficiently transferred to the chlorophyll a of the 
photosystems. However, when the phycobiliproteins are isolated and purified from the 
organisms, these brilliant-colored and water-soluble pigment proteins become highly 
fluorescent because they no longer have any nearby acceptors to which to transfer the 
harvested energy. The phycobiliproteins in solution, therefore, are characteristic of their 
strong light absorption and intensive fluorescence emission within range of visible spectrum. 
Phycobiliproteins are commonly found to consist of hetero-monomers and the hetero- 
monomers are composed of two different subunits, a and p [57-61]. The subunits of a and p 
are present in equimolar stoichiometry (aP) and differ in molecular mass, amino acid 
sequence, and chromophore content. Fundamental configuration of the phycobiliprotein 
assembly is a stable frimer (aP )3 forming a toroidal-shaped aggregate [63-65, 81]. The 
aggregate has a diameter of about 1 1 nm, a thickness of 3 nm to 3.5 nm, and a central hole 
about 3 nm in diameter. Some biliproteins exist in hexamers, such as PE. The hexamers are 
formed by face-to-face aggregation of two frimeric disks with or without the inclusion of a 
linker-polypeptide in the central cavity [63-65, 81, 89, 98-99]. 

Brilliant colors of phycobiliproteins originate from linear tefrapyrrole prosthetic groups, 
known as phycobilins. Generally the pigments are covalently bound to the apoproteins at 
conserved positions either by one cysteinyl thioether linkage through a pyrrole ring of one 
end of a four-pyrrole chain, or by two cysteinyl thioether linkages through two end pyrrole 
rings [58-61, 89,]. There are four common phycobilins, as shown in figure 5, extensively 
present in the phycobiliproteins from cyanobacteria and red algae: 1) the blue-colored 
phycocyanobilin (PCB); 2) the red-colored phycoerythrobilin (PEB); 3) the yellow-colored 
phycourobilin (PUB); 4) the purple-colored phycobiliviolin (PXB). Several additional 
chromophores have recently been demonstrated to occur in the phycobiliproteins from 
cryptomonads [63-64, 107-108]. Spectroscopic properties of the phycobilins are determined 
by their varying numbers of conjugated-double bonds, or delocalization degree of conjugated- 
n electrons. A number of one to three phycobilins may be bound to a single a- or P-type 
polypeptide, thus a frimeric phycobiliprotein ((aP) 3 ) may contain at least six phycobilins. 
Furthermore, by providing a microenvironment to maintain optimistically configuration of the 
chromophores, the apoproteins interact with them, and create effects on the spectral features 
of the biliproteins. Conclusively, the spectroscopic properties of phycobiliproteins are 
commonly decided: 1) the types of phycobilins they contain; 2) a number of the phycobilins 
they carry; 3) the microenvironments where the carried phycobilins are positioned in subunits 
(a and P) and in trimer or hexamer phycobiliproteins [61]. 
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Figure 5. Continued next page. 
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Doubly Linked Phycoeiythrobilin 




Singly Linked Phycourobilin 




Figure 5. Continued next page. 
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Singly Linked Phycobiliviolin 




Figure 5. Structures of four phycobilins linked by single/double thiother-linkages to phycobiliproteins 
[60-61, 63-64], 

3,1. Phycocyanin 

Phycocyanins are one of the most widespread phycobiliproteins observed in almost all 
phycobiliprotein-containing organisms, including cyanobacteria, red algae, glaucophytes and 
some cryptophytes. They are commonly found the most abundant in most cyanobacterium 
species that grow in natural environment. The phycocyanin from the PBS-containing algae is 
subdivided into three types: 1) C-phycocyanin (C-PC) exclusively existing in cyanobacteria, 
2) phycoerythrocyanin (PEC) inducible only in some cyanobacteria, and 3) R-phycocyanin 
(R-PC) mainly in red algae [57-65, 81], These blue- or blue-purple-colored phycobiliproteins 
have strong light absorption mainly in range from 580 nm to 630 nm and emit intensive red 
fluorescence at 635-645 nm. Phycocyanins exist commonly in trimer (aP )3 from aggregation 
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of three (aP) monomers. They bave a thickness of 3 nm, a diameter of 1 1 nm and a central 
hole in diameter of 3.5 nm. In PBSs, phycocyanins commonly occur in disc-shaped hexamers, 
and a rod-linker polypeptide (Lr) or a rod-core-linker polypeptide are attached to the center 
cavity of hexamers to form (aP)eLR or (aP)6LRc complexes [63, 89, 109, 110]. The 
interaction of phycocyanins with the linker polypeptides may typically causes a large redshift 
of about 17 nm in their absorption and fluorescence emission maximums [63, 110]. 

C-Phycocyanin 

C-phycocyanin (C-PC) is a blue-colored, deeply red-fluorescent phycobiliprotein and a 
predominant form among phycocyanins. C-PC is named on the basis of its originating from 
cyanobacteria and its spectral properties [60, 63-65, 111-113]. Several C-phycocyanins from 
various cyanobacteria have been fully characterized in crystal structure, for example, those 
from Anabaena variabilis [114], from the thermophilic cyanobacterium Mastigocladus 
laminosus [115] from Fremyella diplosiphon [116-117], Synechococcus sp. PCC 7002 [110], 
Synechococcus vulcanus [118] and cyanobacterium Cyanidium caldarium [119]. 
Furthermore, C-PC was also found from a unicellular red alga Cyanidium caldarium, a 
eukaryote at the extremes of habitat [120]. In general, C-PC in trimer shows a 3-fold 
symmetry of the disk-shaped crystal structure, and it stacks by face-to-face to form a 
hexamer. In a C-PC protein, three phycocyanobilin chromophores are carried by each (aP) 
monomer (table 1). The three PCBs have been determined to bind covalently to certain 
conservative cysteine residues at Cys a-84, p-84 and P-155. Thus one C-PC in trimer carries 
3 aPCBs and 6 pPCBs and in hexamer it contains 6 pPCBs and 6 aPCBs and 12 pPCBs. 
Investigation of Energy transfer between chromophores in C-PC frimers has demonstrated 
that a-84 PCB and P-155 PCB function as the two sensitizing chromophores located at the 
periphery of C-PC trimers, whereas P-84 PCB works as the fluorescing pigment located near 
the central cavity of C-PC frimers and hexamers. In other words, the a-84 PCB and P-155 
PCB in C-PCs function as the excitation energy transfer donors and the P-84 PCB as the 
terminal accepters [63-64, 117, 119-122]. In addition, the investigation on evolution of 
phycobiliproteins suggested that the rod phycobiliproteins, PC and PE, may have common 
ancestral a and P polypeptides and that PC may be the ancestor of PEC [123-124]. 

Phycoerythrocyanin 

Phycoerythrocyanin (PEC) is another PC kind phycobiliprotein found from some 
cyanobacteria [60, 63-64], for example Mastigocladus laminosus [125-128] and Anabaena 
variabilis [129-130]. Owing to its carrying phycobiliviolin (PXB), PEC has absorption 
maximum at about 575 nm and maximum fluorescence emission at about 635 nm. This 
feature lets the organisms to extent their light absorption into the green portion of sun light 
spectrum. It unquestionably enhances the light-harvesting capacity of the organisms and 
enables them to stay alive under medium- or low- light conditions [62]. PEC is usually 
obtained in assembly of frimeric (aP )3 or hexameric (aP)e with a rod-linker polypeptide (Lr) 
bound to it, and contains three chromophores per (aP) monomer [63]. In the crystal structure, 
PEC occurs in a 3-fold symmetry of the disk-shaped trimer or hexamer [125]. The a subunits 
of the PEC from Mastigocladus laminosus have 162 amino acid residues and carry one red 
PXB pigment that is covalently linked to Cys a-84 via a thioether bond, whereas the P 
subunits contain 171 residues and carry two PCBs one of which is attached to Cys P-84 and 
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the other to Cys P-155 (table 1), respectively [125]. Here the short wavelength-absorbing a- 
84 PXB is exclusively functioned as the excitation energy transfer donors, whereas the P-84 
PCB is the terminal accepter and the P-155 PCB is the intermediate in the PEC trimer or 
hexamer [63, 125, 128]. The energy transfer among the chromophores in PECs is similar to 
that in C-PCs. 

Table 1. The speetroseopie properties and earned phyeobilins of some typieal speeies of 
phyeoerythrin, phyeoeyanin and allophyeoeyanin from eyanobaeteria and red algae 



Phycobiliprotein 

Species 


Absorption 
Maximum 
and Shoulder (nm) 


Fluorescence 
Emission 
Maximum (nm) 


The Number of 
Phyeobilins 


Reference 








12 aPEB 


[60], [63], 
[136], [57] 


B-PE (apieY 


545, 563, 498 


575 


18 pPEB 
2 yPEB, 2 yPUB 
12 aPEB 


[60], [63], [61], 
[139] 


R-PE (apiey 


498, 538, 567 


578 


12 pPEB, 6 pPUB 
1 yPEB, 3yPUB 


C-PE-I (ap)sLR 

WH8020° 


548 


573 


12 aPEB 
18 pPEB 


[63-64], [147], 

[149-150] 


C-PE-I (ap)sLR 

WHS 103^ 


491,563. 525 


573 


6 aPEB, 6 aPUB 
12 pPEB, 6 pPUB 


[63-64], 

[147], [149-150] 


C-PE-I (apisLR 

WH850L 


491,547 


-565 


12 aPUB 
6 pPEB, 12 pPUB 


[63-64], [147], 

[149-150] 


C-PE-Il (apisY 

WH8020‘* 


495, 543 


565 


12 aPEB, 6 aPUB 
12 pPEB, 6 pPUB 
1 yPUB 


[63 24], [64 32], 
[147 37], [151 39] 


C-PE-Il (apisLR 
WHS 1 03 


492, 543 


565 


18 aPUB 
12 pPEB, 6 pPUB 


[63-64], 
[147], [151] 


R-PC (ap)3 


547,616 


638 


3aPCB 

3 pPEB, 3 pPCB 


[61], [63], [132], 
[134] 


R-PC-II (ap)2 


533,554,615 


646 


4 aPEB 

2 pPEB, 2 pPCB 


[63], [133] 


Phycoerythrocyanin 
(PEC) (apieLR 


575 


635 


6aPXB 
12 pPCB 


[63], [125] 


C-PC (apieW 


616 


643 


6aPCB 
12 pPCB 


[61], [63-64], 

[116] 


AP(ap)3 


650.618 


663 


3aPCB 
6 pPCB 


[61], [155-156], 
[103] 


AP-B 


652,615 


665, 680 




[61], [103] 



a, b, c, d are the different marine cyanobacterium Synechococcus strains. 
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R-Phycocyanin 

R-pbycocyanin (R-PC) is a PC-type pbycobiliprotein, but it simultaneously contains both 
PEB and PCB cbromopbores. Tbe R-PC is further divided into several species according to 
tbeir spectroscopic characteristics : R-PC (or R-PC-I) which is extensively distributed among 
red algae [60, 63, 129, 131-132], R-PC-II and R-PC-III that are isolated from marine 
cyanobacterium Synechococcus strains [60, 63, 133] which are characteristic of acclimating 
environment light quality. 

R-PC (R-PC-I) is commonly purified as a trimer (aP)s which is composed of three 
heterosubunit monomer (aP), and it may also found as a hexamer (aP)e assembled through 
face to face by two trimeric (aP )3 [60, 63, 132]. The trimer (aP )3 is also a disc-shaped protein 
in size of about 3 nm in thickness and 1 1 nm in diameter, and has a central cavity. The 
absorption spectrum of R-PC shows two maximums: the lesser is at about 545 nm and the 
greater at about 616 nm. The fluorescence emission maximum of it occurs at about 636 nm. 
This reveals high efficient energy transfer within the trimer from the PEB donor to the PCB 
accepter. The R-PC trimer (aP )3 [132, 134] from Polysiphonia urceolata was composed of 
three 18.1 kDa a subunits and three 20.5 kDa p subunits, and possessed three chromophores, 
one PEB and two PCBs, per (aP) monomer. The a subunit carried a PCB attached to Cys-84, 
whereas the p subunit carried a PCB linked at Cys-84 and a PEB at Cys-155, respectively 
(table 1). In the R-PC trimer, the higher-energy absorbing P-155 PEB that accounts for the 
absorption maximum at about 545 nm behaviors definitely as a donor, whereas the a-84 PCB 
should be a intermediate considering the P-84 PCB as a accepter that accounts for the 
emission maximum at about 636 nm [60, 63, 121-132]. 





Figure 6. Absorption (solid) and fluorescent emission (dash) spectra of the C-PC (I) from 
cyanobacterium Myxosarcina concinna and the R-PC (II) from red alga Polysiphonia urceolata [61]. 
The spectra were recorded at room temperature. 
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R-phycocyanin-II (R-PC-II) [63, 133] was obtained as a PEB -containing PC of 
cyanobacterial origin from the marine Synechococcus strains. These cyanobacteria are 
strongly adapted to green light conditions, and contain mainly PE (I) and PE (II) as light- 
harvesting complexes (see below). The R-PC-II is made up of a and p subunits in equal 
amounts and is in an dimmer (aP )2 aggregation state. Three chromophores which the R-PC-II 
carried are two PEBs bound at Cys a-84 and P-155, respectively, and one PCB at Cys P-84. 
Obviously the P-84 PCB, which generates the 615 nm absorption and the 646 nm emission, 
functions as the terminal excitation energy transfer accepter in the R-PC-II dimmer [63, 133]. 
As examples, figure 6 shows absorption and fluorescent spectra of the C-PC from 
cyanobacterium Myxosarcina concinna and the R-PC from red alga Polysiphonia urceolata 
[61]. 



3,2. Phycoerythrin 

Phycoerythrins are one of abundant phycobiliproteins found in most red algae and some 
unicellular cyanobacteria which live under certain light conditions [57-59, 60, 63, 79]. They 
are characterized by strong absorption bands in the green region of the visible spectrum from 
480 nm to 570 nm and by intensive fluorescence emissions at about 575 nm. Based on their 
absorption spectra, these red-colored proteins fall into three distinct species: 1) B- 
phycoerythrin (B-PE) (Zmax ~540-560 nm, shoulder ~495 nm); 2) R-phycoerythrin (R-PE) 
(7-max ~565, 545 and 495 nm); 3) C-phycoerythrin (C-PE) (7.max~563, /543 and ~492 nm). The 
prefixes B-, R- and C- were used historically for indicating the type of organisms from which, 
for example Bangiales, Floridian Rhodophyceae and Cyanophyceae, the pigment proteins 
were originally extracted. But these prefixes have now evolved to denote the shape of the 
absorption spectra of the purified phycobiliproteins because it has been believed that 
differences in spectroscopic and structural properties of phycobiliproteins are not species 
specific [58-59, 60, 63, 79]. 

Phycoerythrins from Red Algae 

B-PE and R-PE are the two red alga PE species which have been adequately 
characterized in spectral and structural properties [60, 63, 79]. B-PE from the red alga 
Porphyridium sordidum is a multi-subunit complex. It is composed of three types of subunits, 
a, P and y, and usually exists in a stable composition of hexamer (aP)ey. The aggregate is 
formed by two (aP )3 trimers assembling face-to-face and the y subunit is proved to function 
as a linker to combine the two trimers by locating in the central cavity of the disc-shaped 
hexamer that is about 6 nm in thickness and 1 1 nm in diameter [60, 63, 79, 135]. Every (aP) 
monomer of B-PE carries five PEB chromophores that show absorption Zmax from 540 nm to 
575 nm. Two PEB are attached to one a subunit, and the other three to one P subunit. The 
five PEBs of B-PE from P. sordidum are covalently bound to the cysteine residues at 
positions a-84, a- 140, P-84, p-155 and p-50/p-61 where the PEB is doubly linked. All the 
singly linked pigments bind to cysteine via ring A, whereas the doubly linked one is attached 
to the cysteine P-50 by ring A and to the cysteine P-61 by ring D [135, 136]. The y subunit 
carries four bilins, two PEBs and two PUBs. Thus a B-PE hexamer contains totally 34 
chromophores, 32 PEBs and 2 PUBs (table 1). The two y PUBs absorb higher-energy light at 
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about 495 nm, whereas tbe P-84 PEBs located near tbe central cavity absorb lower-energy 
light at about 560 nm. The fact that the steady state fluorescence emission at 574 nm was 
proved to originate exclusively from the P-84 PEBs indicates that there is efficient energy 
transfer from the y PUB donors to the P-84 PEB acceptors in the B-PE hexamer. 

R-PE is a phycoerythrin abundant in red algae. Although R-phycoerythrins from many 
red alga species present a three-peak absorption spectrum, they are categorized into three 
subtypes due to their differences in shape of absorption spectrum [60]. The R-phycoerythrin 
is commonly composed of three subunits, a, P and y. Like B-PE, the R-PE from Polysiphonia 
urceolata usually presents stable in a hexameric aggregate of (aP)6y. Two (aP )3 trimers that 
assemble face-to-face construct a disc-shaped hexamer (aP)ey. The (aP)6y is also about 1 1 
nm in diameter and 6 nm in thickness, and has a central hole about 3.5 nm in diameter [137, 
138-139]. The y subunit binds to the both trimers by inserting itself in the central cavity. Each 
R-PE monomer (aP) contains five phycobilins, four PEBs and one PUB. The two PEBs are 
attached to one a subunit, and the other two PEBs and one PUB to one P subunit. The R-PE y 
subunit carries four chromophores, one PEB and three PUBs [60, 63, 79, 137, 138-139]. The 
crystal structure analysis of the R-PE from Polysiphonia urceolata demonstrated that the four 
PEBs were singly linked to the cysteine residues by ring A at position a-84, a- 140, P-84 and 
P-155, respectively, and the PUB doubly linked by ring A to P-50 and by ring D to P-61 
[139]. The y subunit of R-PE carries one PEB bound singly to Cys-94, and three PUBs to 
Cys-133, Cys-209 and Cys-297, respectively [138]. One monomer of R-PE contains two PUB 
bilins more than that of B-PE, but two PEBs less, though they both have the 34 pigments 
(table 1). For R-PE, the four individual PUBs at position p-50/p-61, y-133, y-209 and y-297 
create an absorption peak at about 498 nm, and therefore they function as the higher-energy 
donors. The absorption peak at 565 nm is attributed mainly to the six P-84 PEBs, whereas the 
absorption around 545 nm originates exclusively from the PEBs at a-84, a- 140, P-155 and y- 
94. Because the fluorescence emission peak at about 578 nm originates predominantly from 
the P-84 PEBs [138], there is efficient exiting energy transfer in the R-PE hexamer from 
higher-energy absorption donors, the PUBs, to the lower-energy acceptors, the P-84 PEBs. 
The other PEBs may take part in the energy transfer as intermediates. Based on the spectral 
and structural characteristics of B-PE and R-PE mentioned above, they make red algae more 
capable to harvest green light and more favorable to survive in the environments where there 
is short of the light favorable for PCs and APs to harvest. 

C-Phycoerythrin from Cyanobacteria 

C-phycoerythrins are a kind of the phycoerythrins that are the most abundant in 
cyanobacteria. They are the products by some cyanobacteria that acclimate to their 
environment variations in light quality and intensity, especially green-to-red light ratios, 
through a process traditionally called complementary chromatic adaptation [88, 140-146]. 
These cyanobacteria make more of the light-harvesting protein phycocyanin in red light and 
more of the protein phycoerythrin in green light [60, 63-64, 141-146]. There are two subtype 
C-phycoerythrins, C-phycoerythrin-1 (C-PE-1) or PE (1), and C-phycoerythrin-11 (C-PE-11) or 
PE (11) (table 1). The phycoerythrins originated from freshwater and soil cyanobacteria 
typically contain only PEBs and exhibit absorption spectra with maximums at about 565 nm 
and fluorescence emission spectra with peaks at about 575 nm. These are the spectral 
properties characteristic of C-PE-1 (or PE (1)), also known as C-PE. C-PE-1 usually carries 
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five PEBs per monomer (aP) [60, 63-64, 147]. The five PEBs are covalently attached to the 
cysteine residues, in the way very similar to B-PE, at a-84, a-140/143, P-84/82, p-50/p-61 
and P-155/159, respectively. The a and P subunits vary with their originations in molecular 
mass from 1 5 kDa to 20 kDa. C-PE-I in a disc-shaped hexamer, which is constructed by two 
trimeric (aP )3 through face-to-face aggregation, commonly exists in form (aP)6LR where a 
rod-linker polypeptide (Lr) is bound the central hole of the two stacking trimers.. Unlike the y 
subunit from B-PE and R-PE, however, the Lr of C-PE-I generally carries no phycobilins 
[63-64, 147]. 

Several cyanobacterial genera, such as marine Synechococcus [148], can produce the C- 
phycoerythrins that have PUBs as well as PEBs to adapt the light quality rich in more blue- 
green spectrum. The C-PE-I obtained from marine Synechococcus strains may carry one to 
four PUBs with corresponding counterpart PEBs. By developing the C-phycoerythrins 
different in PUB/PEB ratios, some certain cyanobacteria can realize environmental adaptation 
by response to light quality. For example, three C-PE-I type phycobilins [63-64, 147, 149- 
150] from marine Synechococcus strains WH8020, WH8103 and WH8501, respectively, were 
proved to contain different content of PUBs in their monomer (aP) carrying five pigments. 
The five chromophores in the monomer of the three C-PE-I proteins were determined to be 
linked to the cysteine residues (table 1): a-84 PEB, a-140 PEB, p-82 PEB, p-50/p-61 PEB 
and p-159 PEB for WH8020; a-84 PEB, a-140 PUB, p-82 PEB, p-50/p-61 PUB and p-159 
PEB for WH8103; and a-84 PUB, a-140 PUB, p-82 PEB, p-50/p-61 PUB and p-159 PUB 
for WH8501. The WH8020 C-PE-I with no PUB showed a one-peak absorption spectrum 
with the peak at about 548 nm; the WH8103 C-PE-I with two PUBs exhibited a two-peak 
absorption spectrum with the peaks at 491 nm and 563 nm, respectively, and a shoulder near 
525 nm (figure 7 I); and the WH8501 C-PE-I with four PUBs gave a two-peak absorption 
spectrum with a strong peak at 491 nm and a weak one at 547 nm [63, 147, 149]. However, 
these phycoerythrins all emitted the fluorescence maximum in range from 560 to 575 nm, 
indicating that the PUBs are energy transfer donors, whereas the P-82 PEBs are the terminal 
acceptors. Moreover, the Lr located in the central cavity of these (aP)e Lr of C-PE-I type 
hexamers carried no phycobilins with it [63-64]. 

Besides the C-PE-I type phycoerythrins, another kind of PUB-containing C- 
phycoerythrins was characterized also from the marine Synechococcus strains, WH8020 and 
WH8103, which are designed C-phycoerythrin-II (C-PE-II) or phycoerythrin II (PE (II)) 
(table 1) [147, 151-152]. The C-PE-II contains six phycobilins per monomer (aP). The sixth 
phycobilin PUB is attached to a-75 Cys, whereas the other five phycobilins lie at the same 
positions as those of the C-PE-I. For example, the six chromophores of the C-PE-II from 
WH8020 were bound to the cysteine residues: a-75 PUB, a-84 PEB, a-140 PEB, p-82 PEB, 
P-50/p-61 PUB and P-159 PEB, and those from WH8103 to the cysteines, a-75 PUB, a-84 
PUB, a-140 PUB, p-82 PEB, p-50/p-61 PUB and p-159 PEB [63-64, 147, 151-152]. In 
addition, the y subunit, the Lr that takes part in the assembly of C-PE-II hexamers, also 
carries one PUB at Cys-94 [63-64]. These structural features make the native C-PE-II proteins 
exhibit two absorption maximums at about 495 nm and 545 nm, as shown in figure 7 II and 
IV, and the one fluorescence emission peak at about 565 nm [63-64, 147, 153]. Obviously, it 
is very possible that various C-phycoerythrins may be found from some certain cyanobacteria 
that are, like marine Synechococcus strains, characterized of generating optimum 
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pbycobiliproteins for efficient ligbt-barvesting by acclimation to light quality and intensity of 
tbeir habitat. 
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Figure 7. Absorption (solid) and fluorescence emission (dash) spectra of C-PE-I, C-PE-II and R-PC-II 
prepared from marine cyanobacterium Synechococcus strains. (I) C-PE-I from WFI8103; (II) C-PE-II 
from WFI8020; (III) C-PE-II from WFI8103; (IV) R-PC-II from WFI8103. The data are from references 
[60-64, 147, 149, 153]; (V) shows R-PE from red alga Polysiphonia urceolata in contrast to the C-PEs. 

C-PC, R-PC, C-PE, R-PE and B-PE are all rod-building pbycobiliproteins. In rod 
construction, a PC hexamer, generally C-PC for cyanobacteria and R-PC for red algae, is 
always located at the end of rods adjacent to AP cores, whereas a PE hexamer, C-PE in the 
PE-bearing PBSs from certain cyanobacteria and R/B-PE-bearing PBSs from red algae, is 
positioned at the terminal end of rods away from AP cores. Spectra shown in figure 6 and 
figure 7, as examples, characterize spectroscopic properties of these kind pbycobiliproteins. 
Adequate overlap between the spectra of the PE fluorescent emission and those of the PC 
light absorption demonstrates high efficient resonant energy transfer within PBS rods. In 
addition, PC proteins exist commonly in frimers but not in hexamers as them in PBS rods 
when they are extracted out of organisms. The PC frimers in solution are easy to dissociate 
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into subunits at low concentration so that they lose their strong fluorescent emission [154]. 
Oppositely, PE proteins are also existence in hexamer in solution as well as in PBS rods, and 
they stand stable even at much lower concentration where still maintain their spectral features 
[154]. This stability of PE hexamers may be attributed to the y subunit in B/R-PEs and the Lr 
in C-PEs which function as a linker to bind two disk-shaped trimers together in hexamer 
assembly. 

3,3, Allophycocyanin 

Allophycocyanins (APs) are a type of core-constructing phycobiliproteins. They are a 
less-contained phycobiliprotein species with respect to PCs and PEs, but they exist in all 
PBS -containing organisms, cyanobacteria, glaucophytes and red algae, which grow in natural 
environment. Compared with red algae, cyanobacteria may generally contain higher amounts 
of APs with respect to total phycobiliprotein content of the organisms. A PBS core is 
commonly composed of three kind APs that are known as allophycocyanin (AP), 
allophycocyanin-B (AP-B) and allophycocyanin core-membrane linker (Lcm) complex (AP- 
Lcm) [57-60, 63-64, 79]. Among the three species, AP is usually the largest number of core 
biliprotein components, whereas AP-B and AP-Lcm have equal copies in the core. In the PBS 
core construction, AP participates in the assembly of all the core cylinders, but AP-B and AP- 
Lcm takes part merely in the two basal cylinders. 

Among the three type allophycocyanins, the AP is the best described one. It exist in 
trimer of hetero-monomers (aP) in PBSs and in solution when extracted out of organisms. 
The AP trimers (aP) 3 , like PCs, show a 3 -fold symmetry of the disk-shaped structure in 
crystal [63-64, 155-156]. The AP (aP)3 in the disc-shaped conformation shows about 11 nm 
in diameter and 3 nm in thickness, and it has a central cavity about 3.5 nm in diameter [155- 
156]. The a subunit consists of 160 amino acid residues, and the p 161 ones [155 156, 158]; 
they exhibit apparent molecular masses in range froml7 kDa to 20 kDa [59, 63-64, 79, 159]. 
One (aP) monomer of the trimer contains two PCBs: one is attached at a-84 and the other at 
P-84. In the AP trimer, the P-84 PCB is situated near the central cavity, whereas the a-84 
PCB near the peripheral. The PCBs in the monomers were found to have an absorption 
maximum at 614 nm, but in the trimers they exhibited a sharp maximum at 650 nm and a 
prominent shoulder from 6 1 0 nm to 620 nm. It has been believed that one of the PCBs in the 
monomer, more probably P-84 PCB, is changed by interaction with the apoproteins in the 
trimer construction and that the PCB then creates the 650 nm absorption maximum owing to 
its unique conformation or a different environment [63-64, 161]. The other PCB, more 
possibly a-84 PCB that retains its original conformation similar to what it has in the 
monomer, gives the absorption shoulder from 6 1 0 nm to 620 nm. In this case, energy transfer 
in the trimer may be by Forster resonance from the a-84 PCB donor to the P-84 PCB 
accepter. This was demonstrated in the experimental investigation from Loos and colleagues 
[160-161]. Crystal structure analysis of the AP trimers from the cyanobacterium Spirulina 
platensis and the red alga Porphym yezoensis [155-156] demonstrated that some pairs of the 
PCBs are in distance at 20 A, such as between la-84 PCB (the a-84 PCB of the monomer 
numbered 1) and 2p-84 PCB (the P-84 PCB of the monomer numbered 2), that may engage in 
exciton splitting and share excitation delocalization, whereas the other pairs are at about 34 A 
or more, such as between ip-84 PCB and 2p-84 PCB, and 2a-84 PCB and 2p-84 PCB, that 
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may engage in dipole-dipole interaction. Tberefore tbe theory of sbort-distance exciton 
coupling and long-distance dipole-dipole resonance mecbanism bas both been employed to 
explain tbe energy transfer in tbe AP trimer [64, 155-156, 160-161, 163]. 

In addition, AP proteins are often prepared as tbe complexes with linker polypeptides 
attacbing to them as in PBSs. Tbe AP-linker complexes obtained commonly are AP-core- 
linker (aP) 3 Lc and AP-core-membrane-linker (AP-Lcm) [63-64]. Tbe Lc of tbe AP-Lc was 
proved to lie in tbe central cavity of tbe AP trimer (aP )3 in crystal structure (figure 8) [164 ]. 
Tbe Lc bound in tbe central cavity may leads to tbe absorption and fluorescence emission 
maximums of tbe AP trimer red-shifting. This is attributed to the effect of the Lc on the 
microenvironment of the P-84 PCBs situated near the central cavity of AP trimers. AP-Lcm 
consists of a copy of AP trimers and one Lcm [95, 109, 158-159, 165-167]. The Lcm may vary 
in molecular mass from about 70 kDa to 128 kDa, depending on the organism origin, or 
exactly on the types of PBS cores [63-64]. Although the Lcm functions chiefly as linker 
polypeptides, it carries chromophore PBC at its biliprotein domain [63, 95, 98-99, 109, 168- 
169]. Because of this, the (aP) 3 LcM complex shows a longer- wavelength fluorescence 
emission maximum at about 670 to 680 nm, although it usually shows the absorption 
spectrum identical to that of the AP (aP) 3 . Therefore, the (aP) 3 LcM was determined to act as 
one of the two terminal excitation energy emitters of intact PBSs to transfer phycobiliprotein- 
harvesting energy to chlorophyll a [63, 98-99, 170]. AP-B was determined the other terminal 
excitation energy emitters of PBSs. The AP-B contains the same P subunit as the APs, but it 
has a special a subunit, denoted a or a [171-172]. The AP-B prepared from the PBSs of 
cyanobacterium Myxosarcina concinna was proved to have an APB subunit of P types [103]. 
In PBS cores, the AP-B exists in trimer, and it is usually prepared from PBSs in aggregation 
in trimer as (a^™a 2 P 3 ) or (a^™a 2 P 3 ) Lc [63-64, 103, 171-172]. Because of the subunit a^™, 
the AP-B exhibits a longer-wavelength fluorescence emission maximum at about 670 to 680 
nm but its absorption spectrum shows only slight differences from that of APs. The AP-B, 
therefore, was believed to act as another terminal excitation energy emitter of intact PBSs. 




Figure 8. The high-resolution strueture of an AP- L^^;* eomplex in crystal (1) from phycobilisomes of 
Mastigocladus laminosus [164, 173]. The L^^,* has an elongated shape and consists of a three-stranded 
P-sheet (pi, p2 and p3) and two a-helices (al and a2) (11) [173]. M represents monomer (aP). 
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AP trimers of the three types have sky blue color. They exhibit a typical absorption 
maximum at 650 nm and a shoulder in range from 610 nm to 625 nm, and a fluorescence 
emission maximum at 660 to 680 nm. Figure 9 gives the spectra of the three APs from the 
cyanobacterium Myxosarcina concinna, featuring common spectral properties of them [103]. 
Similar to PCs, AP trimers in solution are easy to dissociate into subunits at low 
concentration so that they lose their strong fluorescent emission [154]. 





Wavelength (nm) Wavelength (nm) 




Wavelength (nm) 



Figure 9. Absorption (solid) and fluorescence emission (dash at room temperature and dash dot at 77 K) 
spectra of AP (I), AP-B (II) and the AP complex of AP-Lcm types (III) in phosphate buffer (pFI 7.0) at 
room temperature. The three phycobiliproteins were purified by the native polyacrylamide gel 
electrophoresis from the cyanobacterium Myxosarcwfl concinna [103]. 



On the basis of structural properties of the phycobiliproteins discussed above, at least 
following factors are play roles to generate remarkable spectroscopic diversity exhibited by 
phycobiliproteins: 1) chemically distinct chromophores with varying numbers of double 
bonds but at conserved sites of attachment within the primary structure of the proteins; 2) 
chemically distinct chromophore-protein linkages, singly or doubly linked to the protein 
chains; 3) distinctive chromophore microenvironments provided by polypeptide chains and 
aggregation of phycobiliprotein subunits; 4) the configurations of different aggregates of 
phycobiliproteins; 5) chromophore-chromophore interaction and their microenvironment 
perturbations originated from specific linker polypeptides. Within a trimer or hexamer of the 
phycobiliproteins, positions of the contained pigments are determined and supported by their 
phycobiliprotein configuration, which gives each pigment a certain, or different, 
microenvironment. As a consequence, the absorption spectra of phycobiliproteins are broad, 
permitting efficient excitation over a wide range of wavelengths. The excitation photons 
absorbed by the various chromophores within a trimer or hexamer are transferred in high 
efficiency by radiationless processes from the chromophores whose absorption bands lie in 
the higher energy range of phycobiliprotein absorption spectra to those at the lower energy 
edge. Owing to having such a monodisperse population of the fluorescent phycobilins 
naturally embedded in apoproteins through biosynthesis, phycobiliproteins exhibit maximal 
absorption and fluorescence withouf suscepfibilify fo eifher infernal or exfemal fluorescence 
quenching, even befween fwo or more biliprofein molecules which are attached to a 
polymeric carrier [61]. 
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4. Linker Polypeptide Components of Phycobilisomes 

Linker polypeptides are another type PBS component which is critical for assembly. 
Most of linker polypeptides, except core-membrane linker Lcm and y subunit, contain no 
chromophores; this is the chief difference between phycobiliproteins and linker peptides. The 
linker Lcm and the subunit y are described to have two functions, acting as a linker in PBS 
construction and a light-harvesting pigment protein [61-65, 81, 173]. On the basis of their 
apparent molecular weight (Mr) demonstrated by SDS-polyacrylamide gel electrophoresis 
(SDS-PAGE), linker polypeptides were divided into three groups: 1) Mr from 128 kDa to 70 
kDa; 2) Mr from 37 kDa to 27 kDa; 3) Mr from 14 kDa to 7.5 kDa; and the subunits of 
phycobiliproteins commonly show Mr from 24 kDa to 15 kDa [62]. According to the 
functions in PBS assembly, the linker polypeptides have been categorized into: 1) core- 
membrane linker polypeptide Lcm; 2) core linker polypeptide Lc; 3) rod-core linker 
polypeptide Lrc; 4) rod linker polypeptide Lr [61-65, 81, 173]. The linker polypeptides are 
believed to have more basic and hydrophilic residues than those of phycobiliprotein subunits 
[63, 173]. 

4,1, Core Linker Polypeptides 

There are two core linker polypeptides which have been most reported and adequately 
described: core-membrane linker polypeptide Lcm and core linker polypeptides of small M^ 
(Lc, ~ 7.5-10.5 kDa), named . The Lc was demonstrated to combine with the AP 
trimers located at the two ends of core cylinders; by situated its own in the central cavity of 
the AP trimers, the Lc aggregates with AP and AP-B to form AP- ^ and AP-B- 

L7^5-io.5 [ 103 , 169]. The AP- L^* from phycobilisomes of Mastigocladus laminosus in 

crystal structure was demonstrated that the L^^;* has an elongated shape and consists of a 

three-stranded p-sheet (pi, Leu-3-Leu-9; p2, Tyr-26-Pro-32; p3, Lys-49-Leu-55), two a- 
helices (al, Leu-22-Thr-25; a2, Tyr-33-Met-46), one of which has only about one turn, and 
the connecting random coil segments [164]. The linker polypeptide was showed to be 
predominantly located between two distinct p-subunits and to interact directly with the 
corresponding chromophores of these subunits (figure 8). No clear clustering of charged, 
polar, or hydrophilic residues was found at the protein-protein interface. 45.3% surface area 
of the linker is buried in the central cavity of the AP trimer [164, 173]. The L^j,^‘*° ^has been 
believed to function as a terminal linker of core cylinders; in other words, when an AP- 
L7^5 -io. 5 complex is situated at an end of core cylinders, the cylinder cannot be elongated in 

core cylinder assembling [62, 64-65, 81, 98-99, 164, 173]. 

There were three core linker polypeptides, L'^ * , L" ^ and L*,,^ , reported on the investigation 

of the PBS core components from the cyanobacterium Myxosarcina concinna [103]. TheL’,^ * 
that was associated only with the AP-type trimer to form an AP- L'^ * complex (named AP 1 
there) was assumed to be the terminal linker to bind just to AP trimers. The L®^;^ was proved to 




132 



Li Sun, Shumei Wang, Mingri Zhao et al. 



combine with an AP-B-type trimer and to form an AP-B-L^^,^ (named AP3 there). Because 
AP-B is situated at one end of the two base core cylinders, may fulfils two possible 
functions: as a cylinder-terminal linker like the L’^ * and as a connector that relates to the 

interaction between PBSs and monomers of PS I trimers under certain conditions considering 
that phycobilisomes may dock to PS I through the AP-B [63-65, 81, 87, 93-94, 102-103]. The 
L” ^ was a special core linker; it was proved to be carried by all the three core-AP complexes 

of the PBSs from Myxosarcina concinna, the AP-L'^ *(AP1), the ^ -containing complex 
(AP2, AP-Lcm type complex) and the AP-B-L*^^ (AP3) [103]. Therefore, the L“^was 
assumed to act as an inner-core connector among the three core AP proteins in the core 
assembly [103]. 

There are three reported core-membrane linker polypeptides different in molecular mass: 
70 KDa to 80 KDa, 90 KDa to 105 KDa and 110 KDa to 128 KDa. The three types of Lcm 
are related to bicylindrical, tricylindricl and pentacylindrical cores of PBSs, respectively [63- 
65, 81, 179]. For example, the PBS prepared from cyanobacferium Synechococcus 6301 was 
fhe bicylindrical core PBS; if contained 75 kDa Lcm [169, 180]. The tricylindricl cores of 
PBSs from cyanobacterium Nostoc sp., Calothrix sp. PCC 7601, Synechocystis PCC 6701 and 
red alga Porphyridium cruentum contained about 95 kDa Lcm [89, 167, 169, 181-182]. The 
pentacylindrical cores of PBSs from cyanobacferium Anabaena sp. PCC 7120 and 
Mastigocladus laminosus was proved fo have abouf 128 kDa L^,^ [63, 95, 98-99], Based on 
fhe amino acid sequence examination of various Lcm polypeptides, they have four structural 
domains originated from four specific sequential regions fo be considered key fo fulfilling 
different functions in the PBS core configuration. In the N-terminal portion of the Lcm there 
is a sequence region with about 40% homology to phycobiliprotein subunits, known as 
phycobiliprotein domain (PD). The PD of the sequenced Lcm from Mastigocladus laminosus 
begins at residue 18 and ends at approximately residue 236 and a carried PCB may be bound 
to Cys-residue 196 [63, 87]. Moreover, in the PD there is a small insertion sequence about 50 
to 70 residues forming a special loop domain (Loop). The loop domain is believed to protrude 
out of the basal cylinders of PBS cores and to function as an anchor to fasten BPSs on 
thylakoid membranes [63, 87]. 

In the C-terminal portion of the Lcm, there is a sequence region to repeats two to four 
copies, known as repeat domain (REP), according to the molecular mass of the Lcm- These 
domains are similar in sequence to one another and likewise similar to conserved domains of 
the rod and rod-core linker polypeptides; therefore they are assumed to be responsible for 
interactions with AP trimers in PBS core construction. The REP domains are repeated once 
for the two-cylinder cores with the Lcm of about 70 kDa to 80 kDa, twice for the three- 
cylinder cores with the Lcm of about 90 kDa to 105 kDa and three times for the 
pentacylindrical, or ‘four-cylinder’, cores with the Lcm of about 110 kDa tol28 kDa. In other 
words, for the hemidiscoidal PBSs, the number of REP domains that can be deduced 
indirectly from the molecular mass of the Lcm polypeptides may determine the core sizes that 
depend directly on the number of core cylinders formed by AP trimers via the REP domains. 
Thus the bicylindrical core with 75 kDa Lcm from Synechococcus 6301 [169, 180] has two 
REP domains, REPl and REP2, the tricylindrical cores with Lcm from cyanobacterium 
Nostoc sp.and Calothrix sp. PCC 7601 with the Lcm about 95 kDa [167, 169, 181] has three 
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REP domains, REPl, REP2 and REP3, and tbe pentacylindrical cores with tbe Lcm about 128 
kDa from cyanobacterium sp. PCC 7120 and Mastigocladus laminosus [63, 95, 98- 
99, 169] bas been described to bave four REP domains, REPl to REP4. Moreover, tbe data 
from tbe Lcm of Mastigocladus laminosus PBS core also reveals that bigber sequence identity 
is found between REPl and REP3 and REP2 and REP4, possibly suggesting similar functions 
for these pairs of domains. Each REP domain is about 120 residues long and they are believed 
to provide tbe binding regions that interact with AP frimers [63, 169]. 

Besides tbe PD and REP domains, tbe Lcm also contains other 2 to 5 sequence segments 
dependent on its molecular mass. The segments, denoted as ARMs, form the connections 
between the PD and REP domains. These domains may also act as the connectors between the 
core cylinders, for the REP domains of one Lcm act in different core cylinders as the linker 
peptides to connect pairs of AP frimers adjacent to each other [63]. ARMl is adjacent to the 
PD domain and is followed by REPl; in others words, ARMl connects the PD and REPl. 
Similarly, REPl is connected with REP2 via ARM2; REP3 is linked to REP2 by ARM3. The 
calculated pis for the REP domains were 5. 9-9.0 and are typically basic as the other linker 
polypeptides. The calculated pis for AMRs were 10.4 to 11.4, while the PD domains were 
about 4.6 that differ significantly with REPs and ARMs [63, 169, 173]. These pi differences 
are favorable to the interaction between REPs and ARMs with subunits of core AP frimers by 
means of their opposite charges. The structural and functional characteristics described above 
demonstrate that the Lcm of PBS cores play a key role in the core construction by not only 
linking pairs of AP frimers in various core cylinders via its REP domains but also forming the 
connections between different core cylinders via its ARM domains. Besides by the loop 
domains of the core Lcm, PBS cores are fastened on thylakoid membranes. 



4,2, Rod Linker Polypeptides 

The rod domain of PBSs is constructed by six or eight cylindrical rods that radiate from 
the core of PBSs in typical hemidiscoidal PBSs. Each rod consists of disc-shaped PC, PEC 
and PE frimers or hexamers and rod linker polypeptides. The numbers of the linker 
polypeptides in a PBS rod are commonly equivalent to that of its phycobiliprotein discs. 
Because the rod-related linkers vary with each discs adding in the rod construction, the 
multiple rod linkers are believed to play significantly roles in the assembly of PBS rod 
domains [63-65, 81]. Rod linker polypeptides can be divided into three groups according to 
the difference in their molecular masses: 1) linker polypeptides with 8 to 10 kDa molecular 
masses, denoted asLy°; 2) linker polypeptides of 30 to 27 kDa, named which are 

proved to form connection between the rods and the core; 3) linker polypeptides with 
molecular masses of about 31 to 35 kDa, denoted as [63-64, 179]. Rod linker 

polypeptides were demonstrated to contain more basic amino acid residues; this make them 
quite basic and bearing net positive charges at pH 7.0 [63, 175, 183]. This feature gives a 
foundation for PBS rod construction by aid of machenism of charge-charge interaction 
between the rod linkers and the phycobiliprotein subunits. 

A small rod linker peptide of types was reported in the PBS rods from 
Mastigocladus laminosus, denoted as [62-63, 109, 175, 183]. was associated with 
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PEC or PC complexes in the PBS rods of Mastigocladus laminosus. It is believed to be bound 
at the core-distal end of the rods, thus limiting the heterogeneity of the rod lengths. The 
amino acid sequence of revealed that it was quite basic; it has a net charge of + 6 at pH 
7.0 [63, 175]. It has to be concluded that terminates the rods ending with PEC in PBSs 
from alga cells grown in low light intensity and also ending with C-PC complexes in PBSs 
from alga cells grown at high light intensity [62-63, 109]. 

Connection between PBS cores and rods is key point to structural construction and 
effective energy transfer of PBSs. The rod-core junction takes place on the interface of rods 
attaching to core cylinders. The rod phycobiliproteins adjacent directly to APs of the core 
cylinders are commonly PC-linker complexes in almost all PBSs reported from diverse algae. 
The linker polypeptides that fulfill the rod-core connection are known as rod-core linker 
(L^;;,), denoted asL^^[?°, dependent on their molecular masses reported [59, 63-65, 81, 89, 
173]. They differ in molecular mass from various regions of organisms. For example, 
theLj^(;,is 27 kDa, in the PBS from Synechococcus 6301 [92-94] and bom Synechocystis 

6701 [80, 89, 97]; theL^j. is 29 kDa, in the PBS from Nostoc sp. [59, 96, 184-185]; 
theL^(;,is 29.5 kDa, in the PBS from Mastigocladus laminosus [62, 109, 175, 183]; 
theL^j,is 28.5 kDa, in the PBS from Synechocystis sp. Strain BO 8402 and the 

derivative Strain BO 9201 [186]. The rod-core linker polypeptides are believed to have two 
functions: firstly, they associate the peripheral rods of PBSs with the core; secondly, they 
impart a strong red-shift in the wavelength of maximum of absorption and fluorescence 
emission of the PC complexes which bind on the core cylinders. The second reveals that 
the forces some interference on the fluorescing chromophore P-84 PCB near the central 

cavity of PCs. Accordingly, the may insert its one end in the central cavity and the other 

end situates in an interface between two AP frimers of the core cylinder which it attaches on. 
This enables an optimal rod-core energy transfer as well as the connection of the rod and core 
domains. 

The rod-linker polypeptides of group denote the linker polypeptides associated with 
phycobiliproteins at least one hexamer or more distant from the core domain in the peripheral 
rods. The first hexamer of the disk-shaped units which is bound on the core always contains 
anLj^j,, and is involved in the rod-core linkage with AP frimers of core cylinders. PBSs from 

cyanobacteria often contain one or more group peptides, which depends on the length of 
their rods. In other words, the peptide may increase in number whenever a hexamer is 
piled up to elongate the rods. With respect to phycobiliprotein components of PBS rods from 
various cyanobacteria the different rod linkers of the family were reported to be 
associated with PE, PEC and PC hexamers. For example, the peptides identified in the 
PBS rods from Mastigocladus laminosus are two PC linkers of 31 and 34.5 kDa 
('■‘^L>nd’’^LR^) and one PEC linker of 34.5 kDa [62, 109, 175, 183]; the PBS 

rods from Synechocystis 6701 have two PE linkers of 30.5 and 31.5 kDa (^^L^^and’’^L^^ ^) 
and one PC linker [80, 89, 97]; the linker polypeptides from Nostoc sp. are two PE 
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linkers (’’^L^^and^^L^^) and one PC linker [59, 96, 184-185]; there are one PEC 

linker and one PC linker obtained from Anabaena variubilis 

phycobilisomes [100, 187]; and the two PC linkers characterized in the PBSs from 
Synechococcus 6301 are 30 and 33 kDa, [92-94]. 

The linkers of group also bring about a red-shift of the absorption and fluorescence 
emission maxima of their biliprotein-linker complexes [63, 64, 110, 187, 188]. This 
phenomenon demonstrates that the linker polypeptides have interaction with the 
chromophores that function as terminal emitters of rod phycobiliprotein frimers or hexamers, 
such as P-82 PEB for C-PE and C-PE-11, P-84 PCB for C-PC and PEC. These chromophores 
commonly situate near the central cavity of frimers or hexamers. However, crystal structure 
investigation on a PC frimer- linker complex from Synechococcus sp. PCC 7002 did not 
visualize the linker peptide by X-ray diffraction [110]. Similarly, y subunit was also not 
visualized in the crystal R-PE hexamer from red alga Polysiphonia urceolata and Griffithsia 
monilis [189-190]. These facts may attributed to no adequate P-sheet and a-helix structures of 
the linker polypeptides to be exhibited by X-ray diffraction although they are believed to 
locate, at least a part, in the central cavity of the frimer PC and the hexamer R-PE. 



5. Assembly of Phycobilisomes 

The above sections review the structure of phycobilisomes and characteristics of the 
phycobiliproteins and the linker polypeptides of PBS components. This section assesses 
organization and assembly of the phycobilisomes from cyanobacteria in the basis of the above 
sections. In the meantime, it is outlined that the PBSs response to some certain environment 
factors, such as light quality and intensity and nitrates variation. The PBSs reported from 
cyanobacteria, red algae and glaucophytes almost all show the two distinct domains, rod and 
core, in electron micrographs. The rod domain may be composed of the phycobiliproteins of 
PE, PEC and PC types and the linker polypeptides of L^ and L^^, kinds, whereas the core 
domain almost exclusively consists of the AP phycobiliproteins, AP, AP- L,^,^ and AP-B, and 
the corresponding linker polypeptides of and L^,^ types. The phycobiliprotein components 

make a spectroscopic foundation for the PBSs to harvest sun light, whereas the linker 
polypeptide components make the phycobiliproteins be exactly assembled in the PBS 
construction. The later not only optimizes the light harvesting of PBSs and the unidirectional 
energy transfer within PBSs, but also fulfills the structural and energetic couple of PBSs with 
PS 11. 

The cores of the PBSs reported from cyanobacteria [59, 62-65, 80-81, 89, 98-99, 103], 
red algae [55, 57, 68-72] and glaucophytes [82-83] are demonstrated to be assembled by two 
to five cylindrical substructures, known as core cylinders. Each cylinder is formed by four or 
two disk-shaped AP frimers which are face-to-face stacked. The two basal cylinders that are 
sited directly on thylakoid membranes for all bicylindrical, fricylindricl and pentacylindrical 
PBSs are individually composed of one copy AP-L^^, one copy AP-B and two copy AP 

frimers. The AP-B frimer adjacent to the AP- combines with a small molecular linker 
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polypeptide, ^ , fonning one end of the basal cylinders (AP-B- ^ ). One of the two 
AP trimers which carries a ^ makes the other end of the basal cylinders (AP-L^j,^ ''’ ^); the 

other AP trimer stacked on the inner side of AP- ^ connects with the AP- L,,,^ (figure 1 0). 
Besides, the two ends of AP-B- ^ or AP-L^j,^ ''’ ^ complexes of the two basal cylinders are 
diagonally aligned each other; thus the four ends of the two basal cylinders are the two pairs 
of AP-B- ^ and AP-L^;;^ ''’ ^ which attach side by side in parallel (figure 10). The third 

cylinder that piles up on the two basal cylinders only consists of AP trimers and ^ ; two 
ends are AP-L’(,^''’^and two inner components are AP trimers (figure 11). For the 

pentacylindrical PBS, the two half core cylinders are assumed to be constructed with two AP 
trimers stacked face to face, and believed to position directly upon the pairs of AP-B- 
L7^5 -io.5 ^p_ attach on side to the pairs of AP- ^ and an AP trimer of the 

third upper cylinder (figure 12). But whether the AP trimers combine with L^(,^ ''’ ^and take 
part in the pentacylindrical core construction in AP- ^ seems indefinite and needs to be 
further demonstrated. 
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Figure 10. Organization and assembly of a bicylindrical core of hemidiscoidal phycobilisomes [63, 91- 
94, 169]. (I) the side view of the bicylindrical core; (II) the top view of the basal cylinders and the 
components of AP trimers and core linker polypeptides in the cylinder; (III) shows function of as 
connectors of AP components and the two cylinders by two REP and two ARM domains of each 
of two L™^*®in the bicylindrical core assembly [169]. 
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Figure 11. Organization and assembly of a tricylindrical core of hemidiscoidal phycobilisomes [59, 63- 
64, 80-81, 89, 169, 179]. (I) the side view of the tricylindrical core; (II) the top view of the tricylindrical 
core; (III) the top view of the two basal cylinders (A) and the upper cylinder (B) and showing the 
components of AP trimers and core linker polypeptides in each cylinder; (IV) shows function of 

as connectors of the AP trimers and the three cylinders via three REP and three ARM domains 

of each of two in the eonstmetion of the tricylindrical core [63, 87, 169]. 

The core-membrane linker polypeptide, , has been demonstrated and adequately 

described to be a key component for the core assembly. It functions as the connector to 
combine the core AP trimers in pairs and even to associate the core cylinders together; in the 
meantime, it also acts as a chromophore-carrying biliprotein to aggregate the AP- 
complex by its biliprotein domain with other AP subunits. Each core has two copy 

and they situate their biliprotein domains in the two basal cylinders, respectively. In a 
bicylindrical core [63, 169], the L^'^^in one basal cylinder fastens the AP-L^(,^ '“ ^and the AP 
trimer adjacent to its PD domain together in pair by its REPl domain, and its ARMl connects 
the PD and the REPl. Its REP2 reaches and locate between the AP-B- ^ and the AP- 

Lp,[,®'’of the second basal cylinder, forming a connection between the two trimeric complexes. 
In this case, the two cylinders are associated by its ARM2 which is between REPl and REP2 
(figure 10). The two work in the same way so that the two basal cylinders are 

connected via the ARM domains as well as the pair of AP-B-L^(-^ '“ ^and AP-L™^*°and that of 

AP- ^ and the AP trimer adjacent to the PD domains. 

In a tricylindrical core [63-64, 87, 169, 179], the two basal cylinders are assembled the 
same as those in a bicylindrical core. Furthermore, the third REP domains (REP3) of two 
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protrade from the basal cylinders to the upper cylinder via the ARM3 domains, and 
situate between AP- ^ and the adjacent AP trimer, forming two pairs of the hexameric 

complexes in the upper cylinder that is simultaneously associated with the basal cylinders by 
ARM3 (figure 11). Likewise, the two half cylinders composed of two AP trimers in a 
pentacylindrical core are believed to bind with the other cylinders via the two ARM3 domains 
of and their two AP trimers are fastened together by the corresponding REP4s (figure 

12) [63-64, 95, 98-99, 169, 179]. 
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Figure 12. Illustration of core construction of a pentacylindrical core phycobilisome [63, 89-99, 169, 
173, 179]. (I) the side view of the pentacylindrical core; (II) the top view of the two basal cylinders (A), 
the third upper cylinder (B) and the two half cylinders (C) and showing the components of AP trimers 
and core linker polypeptides in each cylinder; (III) exhibits function of as connectors of the AP 

trimers and the five core cylinders by four REP and five ARM domains of each of two L*(j^*^* in 
the assembly of the pentacylindrical core [63, 169, 173]. 

The REP and AMR domains of polypeptides are proved to have calculated pis 5.9- 

9.0 and 10.4-11.4, respectively [63, 169, 173]. This basic characteristic sets a structural 
foundation favorable to these domains interacting with the acidic subunits of AP components 
by their opposite charges as well as by hydrophobic interaction for the core assembly [61, 
103]. The loop domain that is a residue fragment protruding out from the biliprotein domain 
of L™pjj'^*is believed to be more hydrophobic. The tow loop domains of the two core 

polypeptides anchor the PBS cores on thylakoid membranes by inserting themselves in 
the thylakoid membranes. By this way, PBS cores are structurally coupled with PS II 
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dimmers, letting tbe two AP-L™^'^® polypeptides position right upon tbe reaction centers that 

align diagonally in PS 11 dimmers [87]. Tbis is fundamental for PBSs to transfer tbe absorbed 
light energy predominantly to PS 11. The report from Ajlani and Vemotte [191] demonstrated 
that deletion of the loop domain in Lcm did not affect phycobilisome assembly and energy 
transfer functions in the cyanobacterium Synechocystis sp. PCC 6714. It further affirms the 
loop domain function of anchoring PBSs. However, the PBSs on thylakoid membranes were 
demonstrated that they could move on thylakoid membranes under certain light conditions 
and the PBS mobility was related closely to state transitions (stae-1 -state-2 transitions), which 
are a rapid physiological adaptation of the photosynthetic light-harvesting apparatus, resulting 
in changes in the distribution of excitation energy between PSl and PSll [192-194]. High 
osmotic strength buffers stabilize phycobilisome-reaction center association, and this shows 
the effect of drastically slowing the diffusion of phycobilisomes and preventing any 
redistribution of the phycobilisomes between PSl and PSll [192]. It is postulated that a 
dynamic equilibrium of the excitation energy distribution between PSl and PSll governs 
excitation energy distribution from PBSs to reaction centers of PSl and PSll by means of 
which compete to bind PBSs. State transitions change the position of the equilibrium by 
changing the binding constant of PBSs with one or both of the reaction centers. 
Phycobilisome mobility with respect to PSll lets some PBSs have opportunity to get in touch 
with PSl trimers and other PBSs, but for effective energy transfer from PBSs to PSl and 
among themselves, PBSs need to associate positively with PSl trimers and other PBSs in 
optimal spatial positions [87]. For this reason, it is reasonable that PBSs are assumed to attach 
on PSl trimers or other PBSs by their core domains, more favorably at the ends of core 
cylinders where AP-B- ^ , the peripheral terminal emitter of PBS cores, is located. The 

major physiological role of phycobilisome mobility may be to allow flexibility in light 
harvesting [192]. This directional and high-efficient energy transfer from PBS rods to PS 11 
and PS 1 or around PBSs is absolutely dependent on the rod-core structural intactness of 
PBSs. 

Rods are another substructure of PBSs from various algae. For typical hemidiscoidal 
PBSs, there are commonly six rods in a bicylindrical and fricylindrical core PBS (figure 13 
and figure 14) and eight rods in a pentacylindrical core PBS (figure 15). One end of PBS rods 
attaches on their cores, whereas the other parts of the rods radiate out from their cores and 
distribute spatially in hemidiscoidal shape. Each rod may consist of one or one more disc- 
shaped phycobiliproteins in hexamer. The rod end adjacent to the core is exclusively a PC 
hexamer and it is bound on the core via a rod-core linker polypeptide ° . From this point, 

the rods of a PBS are definitely PC hexamers if they are all composed of only one hexameric 
phycobiliprotein. Rods may be elongated with addition of hexamers of PC, PEC and PE 
which piles up on the core-bound PC hexamer. Whenever a hexamer is put in rods there is a 
rod-linker polypeptide to function as a connector to fasten the hexamer [63-64, 179, 
195]. There are different rod-linker polypeptides which were reported corresponding with 
different phycobiliproteins, for example and in PBS rods from Synechocystis 6701 
[80, 89, 97] and Nostoc sp. [59, 96, 184-185], and fr:om Anabaena variubilis [187, 100] 

and Mastigocladus laminosus [62, 109, 175, 183]. This is the characteristics of rods differing 
from cores in assembly and it is not adequately determined for PBSs from red algae. In rod 
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construction, rod-linker polypeptides are believed to function by means of situating 
themselves in the central cavities of hexameric/trimeric rod components, in which two 
adjacent components are bound together. Rods are postulated to be ended whenever a 
terminal linker polypeptide is added. [62-63, 109]. Recently, Adir (2003) reported a 

novel unmethylated form of C-phycocyanin from the thermophilic cyanobacterium 
Thermosynechcoccus vulcanus [196]. It was purified from core components and showed an 
absorption maximum blue-shifted to 612 nm, named PCen there. On the basis of the results 
from its crystal structure, trimeric PC 612 was postulated to be a special minor component of 
the phycobilisome and to form the contact between the PBS rods and the core. In this case, 
the PC 612 seems to replace to act as the rod-core linkers in assembly of the PBSs from 
Thermosynechcoccus vulcanus. 





Figure 13. A model diagram of bicylindrical core phycobilisomes which are organized by a 
bicylindrical core and six rods [63, 91-94]; (I) the top view of the bicylindrical core phycobilisome 
showing overlap of the rods and the core; (II) the side view of the bicylindrical core phycobilisome 
showing rod distribution on the core and illustrating biliprotein components of the rods and function of 
the rod linker polypeptides in rod assembly. 
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Figure 14. A model diagram of tricylindrical core phycobilisomes which are organized by a 
tricylindrical core and six rods [59, 63-64, 80-81, 89, 173, 179]; (I) the top view of the tricylindrical 
core phycobilisome showing overlap of the rods and the core; (II) the side view of the tricylindrical 
core phycobilisome showing rod distribution on the core and illustrating biliprotein components of the 
rods and function of the rod linker polypeptides in rod assembly. 




Figure 15. Continued on next page. 
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Figure 15. A model diagram of pentaeylindrieal eore phyeobilisomes which are organized by a 
pentacylindrical core and eight rods [63, 89-99, 173, 179]; (I) the top view of the pentaeylindrieal core 
phycobilisome showing overlap of the rods and the core; (II) the side view of the pentacylindrical core 
phycobilisome showing rod distribution on the core and illustrating biliprotein components of the rods 
and function of the rod linker polypeptides in rod assembly. 



6. Adaptation and Acclimation of Phycobilisome 
TO Changes in Ambient Environment 

For cyanobacteria, phycobiliprotein composition and rod structure of PBSs are variable in 
the course of an adaptation process to changes in ambient light information, specifically in 
wavelength distribution and intensity [143]. This process is known as complementary 
chromatic adaptation (CCA), and the response to changes in ambient light quality and 
intensity is found in many freshwater, marine and soil cyanobacterial species [46, 140, 144- 
145, 197]. Generally, low light intensity stimulates synthesis of phycobiliproteins, and then 
PBSs may increase in size by means of their rods increasing in length or in number; on the 
contrary, high light intensities may decrease PBSs in size by shortening their rods or reducing 
rod number [51, 62, 109]. In response to light quality (wavelength distribution or color), some 
cyanobacteria can only alter the levels of PE composition of their PBSs when they grow in 
red or green light, but other organisms can modulate both the PE and PC composition of their 
PBSs [141, 146, 198]. Besides, some cyanobateria, such as Mastigocladus laminosus [62, 
109, 175, 183] and Anabaena variubilis [100, 187], show PECs in their PBSs. The light 
adaptation of cyanobacteria provides an alternative way to be employed for investigation on 
PBS composition, structure and assembly. 

In addition, nutrient-limited growth of non-N 2 -fixing cyanobacteria induces a set of 
general responses, such as decreasing growth rate, increasing glycogen and inclusion bodies 
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and reducing pbotosyntbetic apparatus by a cessation of pbycobiliprotein synthesis and an 
ordered degradation of phycobilisomes. The latter causes a color change of the cyanobacterial 
cells from blue-green to yellow-green (‘bleaching’). Phycobiliproteins may constitute up to 
half of soluble cell proteins. Under stress conditions of nitrogen limitation and imbalanced 
photosynthesis, active phycobilisome degradation and pbycobiliprotein proteolysis are 
believed to improve survival by reducing the absorption of excessive excitation energy and by 
providing cells with the amino acids required for the establishment of the ‘dormant’ state. 
Piven (2005) reported that dephosphorylation corresponding to rod, and rod-core linkers 
occurred in Synechocystis sp. PCC 6803 upon long-term exposure to higher light intensities 
and under nitrogen limitation; it was concluded that phosphorylation/ dephosphorylation 
processes was instrumental in the regulation of assembly/disassembly of phycobilisomes and 
might participate in signaling for their proteolytic cleavage and degradation [199]. 
Furthermore, investigations on the ordered degradation of PBSs recently performed also 
demonstrated that one of the first responses to nitrogen deprivation in all examined 
cyanobacterial species, such as Synechocystis Strain PCC 6803, Anabaena sp. PCC 7120 and 
Tolypothrix PCC 7601, was the expression of a small protein of about 7 kDa, known as NblA 
(Nbl stands for non-bleaching), coded by gene nblA [200-203]. In the 1.8-A crystal structure 
of NblA from Anabaena sp. PCC 7120, it is present as a four-helix bundle formed by 
dimmers which is the basic structural units [204]. NblA dimmer is believed to bind 
specifically to the frimer-trimer interface of phycocyanin hexamer, which is mainly formed 
by the a-subunits and p-subunits, via its residues Leu-51 and Lys-53 (figure 16). 
Conclusively, the results from various cyanobacteria provided evidence that NblA is directly 
involved in phycobilisome degradation and it may trigger PBS degradation during nitrogen 
starvation [205-206]. 




Figure 16. The high-resolution strueture of NblA in dimmer in erystal from cywohactenma Anabaena 
sp. PCC 7120 (I) [204]. NblA is a small protein of about 7 kDa and coded by gene nblA. NblA dimmer 
binds specifically at three sites to the trimer-trimer interface of phycocyanin hexamer (II and III) [204]. 
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7. Phycobiliprotein Utilization as Fluorescent Probes 

The spectroscopic and properties of phycobiliproteins exhibit several unique qualitative 
and quantitative features, such as broad absorption in visible light spectrum, enormous 
extinction coefficient, energy transfer and high fluorescence quantum efficiency [207-209], 
large Stokes shift and very little fluorescence quenching between multiple chromophores that 
the proteins contain, even between themselves. It is these features that have made 
phycobiliproteins be considered as fluorescent probes superior to small conventional synthetic 
dyes in many practical uses. Previous papers [61, 210-214] fully discussed these advantages: 

1) strong and broad absorption in visible light spectrum and enormous extinction coefficient; 

2) high fluorescence quantum efficiency in a broad range of pH values of neutral solution; 3) 
large Stokes shift; 4) very litfle fluorescence quenching befween multiple chromophores fhaf a 
phycobiliprofein carries and even between the proteins themselves; 5) numerous surface 
functional groups such as e -NH 2 or P- and y-carboxyl per molecule, which are readily 
coupled by using heterobifunctional reagents to variety of small organic dyes or proteins. 
Labeling of proteins with phycobiliproteins via heterobifunctional reagents was reviewed by 
Holmes [212]. These features made phycobiliproteins ideal candidates for use as prospect 
fluorescent labels in practice. 

Since phycobiliproteins were employed in immunoassay and single-cell analysis and in 
sorting by flow cyfofluorimetiy [210-211, 215-216] in fhe beginning of fhe eighties of lasf 
cenfury, with development of commercial products of the phycobiliproteins and their 
conjugates, the utilization of the proteins as fluorescent probes has shown ever-extensive 
prospects in various fields of biology research: for example, multicolor flow cyfomefric 
fechnology used in cell analysis and sorting [217-221], hisfochemisfry [222] and profein 
localization, and various particle dynamics wifhin cells by fechniques of fluorescence 
recovery after phofobleaching (FRAP) [223] and single particle fracking (SPT) [224-227]. 

Among phycobiliprofeins, B-PE, R-PE and AP are mosf exfensively used as fluorescenf 
probes [212-214]. B-PE and R-PE in hexamer have extinction coefficienfs as greaf as 2.4 x 
10^ M * cm * af 545 nm and 1.96 x 10^ M ' cm * af 565 nm, respectively, and fluorescence 
quantum efficiency more than 0.8; and even at protein concentration below 10 M, they still 
exist in hexamer form, showing no fluorescence emission decrease [213-214, 228]. AP has an 
extinction coefficient of 6.96 x 10^ M ' cm * in trimer at 650 nm and a high quantum yield, 
but at concentrations below 1 0^^ M, AP trimer dissociates to the monomer, showing blue shift 
of the absorption maximum to 620 nm and a marked decrease in the extinction coefficient and 
the quantum yield. This dissociation can be surmounted by limited crosslinking of AP trimers 
with a water-soluble crosslinker carbdiimide and of PC trimers by formaldehyde, exhibiting 
little alteration in spectroscopic properties and great stability even at extreme dilution [229- 
230]. Instead of the chemical modification, more recently recombinant C-phycocyanin has 
been developed by protein engineering; the product similarly overcomes the dissociation of 
native phycocyanins in dilution state [229-231]. 

Orange (575 nm) and red (660 nm) emitting from R-PE/B-PE and AP through the 
efficient energy transfer among the contained chromophores when they are excited at 488 nm 
and at 633 nm, respectively, not only can easily be discriminated from the fluorescence from 
some conventional dyes, but also avoid the autofluorescence in biological samples which 
arises from such ubiquitous componenfs as porphyrins and flavins [213-214]. Furthermore, 
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pbycobiliprotein conjugates, sucb as R-PE cross-linked Cy5 [214], B-PE cross-linked AP 
[211] and AP cross-linked Cy7 [219], exhibit larger Stokes shift by intermolecular energy 
transfer from R-PE, B-PE and AP to Cy5, AP and Cy7; and they enhance and widen the 
applications of the phycobiliprotein fluorescence probes. For example, Roederer and 
coworkers achieved 8 color, 10-parameter flow cytometry to elucidate complex leuocyte 
heterogeneity by employing eight probes: cascade blue, fluorescein, R-PE, Cy5-R-PE, Cy7- 
R-PE, Texas red, AP and Cy7-AP with excitation provided by three spatially separated laser 
beams of 407 nm, 488 nm and 595 nm [217-219]. Detailed procedures for preparing the dye- 
phycobiliprotein conjugates can be found on the web [232]. Development of such cross- 
linked phycobiliprotein conjugates that have displayed their great potential in practice has 
attracted much attention. 

Although the multi-chromophore-containing molecule of the phycobiliproteins creates 
the fluorescence emission per single labeling point several times more intensive than the 
organic fluorescent dyes, macromolecular complex phycobilisomes, with 1400 chromophores 
per phycobilisome, are employed as fluorescence labels after they are stabilized by 
chemically cross-linking modification [233-234]. In present, commercial products of low- 
molecular weight cryptomonad-derived phycobiliprotein conjugates have been developed and 
evaluated for their applicability to flow cyfomefry, both in extracellular and intracellular 
labeling applications [234]. In our lab, the researches on the application of phycobiliproteins 
as fluorescent probes have been focused on for many years. Based on investigation of newly 
discovered phycobiliproteins, especially from some special algae which grow at extreme 
habitats, such as thermophilic cyanobacterium Synechococcus lividus and red alga Cyanidium 
caldarium [120, 235], and from some marine Synechococcus strains [142, 146] which are 
good at green-light adaptation, there are some certain phycobiliproteins that will continuously 
be developed into fluorescent probes for application. Recently, phycobiliprotein fluorescent 
probes have been used in magnetic bead arrays [236]. 

In addition, owing to their high fluorescence quanfum efficiency, phycobiliprofeins may 
possibly be employed as an illuminanf subsfance in phofoluminescence, elecfroluminescence 
and microcavify laser through procedures under certain moderate conditions. In this case, the 
phycobiliproteins can be applied to the photoluminescence either alone or together with 
certain organic polymers in conjugation or doping, whereas to the electroluminescence they 
are applied most probably as the protein-polymer conjugates. It is also possible that the 
phycobiliproteins are used as molecular probes to monitor dynamic processes of 
configuration or conformation transformation of supramolecular polymers. The development 
of phycobiliprotein applications in the various fields is significantly based on the full 
understand of the structural and spectroscopic properties of phycobiliproteins. 
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Abstract 

Prochloron is an oxygenic photosynthetic prokaryotes that possess not only 
chlorophyll a but also b and lacks any phycobilins. This cyanobacterium lives in obligate 
symbiosis with colonial ascidians inhabiting tropical/subtropical waters and free-living 
Prochloron cells have never been recorded so far. There are about 30 species of host 
ascidians that are all belong to four genera of the family Didemnidae. Asicidian- 
cyanobacteria symbiosis has attracted considerable attention as a source of biomedicals: 
many bioactive compounds were isolated from photosymbiotic ascidians and many of 
them are supposed to be originated from the photosymbionts. Since the stable in vitro 
culture of Prochloron has never been established, there are many unsolved question 
about the biology of Prochloron. Recent genetic, physiological, biochemical, and 
morphological studies are partly disclosing various aspects of its enigmatic life, e.g., 
photophysiology, metabolite synthesis, symbiosis, and evolution. Here, we tried to draw a 
rough sketch of the life of Prochloron and some related cyanobacteria. 
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Introduction 

Prochloron is an oxygenic photosynthetic prokaryote that possesses not only chlorophyll 
a but also b and lacks any phycobilins (figure 1). This cyanobacterium lives in obligate 
symbiosis with colonial ascidians inhabiting tropical/subtropical waters and free-living 
Prochloron cells have never been recorded so far. Moreover, the stable and reliable in vitro 
culture of Prochloron has never been published. This alga is originally described as 
unicellular cyanobacteria, Synechocystis didemni, inhabiting the colony surface of Didemnum 
candidum (Lewin, 1975). The division Prochlorophyta was then proposed for this prokaryotic 
alga (cyanobacteria), Prochloron didemni, due to its unique composition of the 
photosynthetic pigments (Lewin, 1976, 1977). At that time, Prochloron was a possible 
candidate of the close relatives of the direct ancestor of the chloroplasts of green algae and 
higher plants that have the same pigment composition. Lewin & Cheng (1989) reviewed 
comprehensively the biology of Prochloron in 1980s. Two genera of Prochlorophyta were 
subsequently found as free-living algae: fresh- water filamentous cyanobacteria, 

Prochlorothrix, and marine unicellular cyanobacteria, Prochlorococcus. However, molecular 
phylogeny studies neither supported the close relationship between Prochloron and the 
chloroplasts green plants nor the monophyly of the three genera of the Prochlorophyta 
(Seewaldt & Stackebrandt, 1982; Palenik & Haselkom, 1922; Urbach et al., 1992; Palenik & 
Swift, 1996). Therefore, Prochloron and the other prochlorophytes are usually attributed to 
the members of the division Cyanobacteria in recent years, supposing that chlorophyll b 
developed independently in each lineage. In contrast, the phylogeny inferred from genes for 
chlorophyll b synthesis implied a common ancestor of cyanobacteria, chlorophyll-h 
containing prokaryotes, and green algae and plants (Tomitani et al., 1999), assuming the 
subsequent multiple losses of chlorophyll b or phycobilins (Litvaitis, 2002). Griffith (2006) 
proposed to retain the grouping of chlorophyll-6 containing prokaryotes as Oxychlorobacteria 
in his review. 




Figure 1. Prochloron cell isolated from Diplosoma virens (A, Differential interference contrast; B, 
autofluorescence by blue light excitation). 
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All of the host ascidians belong to four genera of the family Didemnidae: Didemnum, 
Trididemnum, Lissoclinum, and Diplosoma (figure 2). Whereas Prochloron was recorded in 
some species of other families (Kott et ah, 1984) or found as an epibiont of a holothurian 
(Cheng & Lewin, 1984) and sponge (Parry, 1986), these associations are not obligate and 
unstable. Asicidian-cyanobacteria symbiosis has attracted considerable attention as a source 
of biomedicals: many bioactive compounds were isolated from photosymbiotic ascidians and 
many of them are supposed to be originated from the photosymbionts (e.g., Biard et al., 
1990). Recent genomic study revealed that the biosynthetic enzymes for the cyclic peptides 
are encoded in Prochloron genome (Schmidt et al., 2004, 2005). 




Figure 2. Examples of host ascidians: white-type colonies of Didemnum molle (A; Odo, Okinawajima 
Is.), Trididemnum miniatum on the sea grass Thalassia hemprichii (B, Bise, Okinawajima Is.), 
Lissoclinum punctatum (C, Shiraho, Ishigakijima Is.), md Diplosoma simile on the branch of the coral 
Acropora sp. (D, Kebushi Point, Nakanoshima Is.). 

The life of Prochloron is enigmatic, and there are many unsolved questions. Absence of 
the free-living Prochloron suggests that this alga cannot survive without host ascidians, but 
the physiology maintaining the ascidian-Proc/t/oron symbiosis are poorly known. The 
nutritional exchange between the host and algae is open to debate (see Hirose & Maruyama, 
2004). Taxonomy of Prochloron is also still problematic. There are remarkable variations of 
cytomorphology among the Prochloron cells from different host species (Cox, 1986), but 
molecular phylogeny based on 18S rRNA did not show significant differences among the 
Prochloron cells from different host species and from geographically different sites (see 
MtinchholT et al., 2007). Prochloron didemni is the only species of the genus Prochloron so 
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far described, but Prochloron possibly consists of several species. Evolutionary origin of 
Prochloron is also uncertain. 

Non-Proc/z/oron cyanobacteria are also known to be associated with colonial ascidians 
such as Synechocystis trididemni (Lafargue & Duclaux, 1979), similar unicellular coccoid 
cyanobacteria (Parry, 1984; Cox et al., 1985), and some filamentous cyanobacteria (Larkum 
et al., 1987; Lambert et al., 1996). These associating cyanobacteria are not always obligate 
symbionts for the host ascidians, and laboratory culture has not succeeded for many of them. 
On the other hand, several cyanobacteria were isolated from acidians and cultured in vitro. 
For instance, the chlorophyll z^-dominated cyanobacteria, Acaryochloris marina was 
originally isolated from the didemnid ascidian harboring Prochloron (Miyashita et al., 1996). 

We review the recent studies on Prochloron and some other cyanobacteria associating 
colonial ascidians from the viewpoint of photophysiology, genomics, symbiosis, and 
evolution. Recent molecular research has uncovered some aspects of these cyanobacteria, 
whereas new findings often open the door toward next mystery. Now, we may draw a rough 
sketch of the life of Prochloron. 



Photosynthetic System of Prochloron 

Prochloron has the same photosynthetic system as all other oxygenic photoautotrophs, 
cyanobacteria, algae and plants. But, isolated Prochloron does not grow outside of host 
ascidian in any culture medium, though ascidians keep dense and cheerful Prochloron. 
Therefore, biochemical and physiological studies on photosynthesis of Prochloron were 
considerably limited and most of studies were done with the freshly isolated Prochloron cells 
from host tissues. Moreover, acidic substances contained in the host tissues injure cells of 
Prochloron irreversibly in the process of squeezing and isolating. Quantitative analyses of 
photosynthetic pigments are occasionally disturbed by extensive formation of pheophytins 
(primary degradation products of chlorophylls liberated Mg). Carefully isolated cells of 
Prochloron, however, retained high activity of photosynthetic oxygen evolution comparable 
to that of free-living algae and plants (Miinchhoff et al., 2007). Future genome analyses of 
Prochloron will partly compensate for these difficulties to examine and understand the 
photosynthetic system in detail, and also the mystery of incomplete photoautofrophism of 
Prochloron. 

As to oxygenic photoautofrophs, all photosynthetic machineries including reaction center 
complexes of photosystem II and photosystem I, cytochrome be-f complex, and ATP synthase 
are located in the intracellular membrane system, thylakoids (Fujita et al. 2004), except for 
primitive and thylakoid-less cyanobacteria, Gloeobacter (Mimuro et al. 2008a). Prochloron 
may also have these trans-membrane complexes in thylakoids. Thylakoid of three types of 
Prochloron are fairly variable in morphology, intracellular distribution and cellular contents 
(figure 3). Chlorophyll contents, which could be estimated with single-cell absorption spectra 
(figure 4), were consistent with amount of thylakoid membranes. The photosynthetic 
membrane systems of Prochloron may be diversified according to host species or may be 
acclimatized according to microenvironmet in the host tissue. 




Enigmatic Life and Evolution of Prochloron ... 



165 




Figure 3. Typological groups of Prochloron cells. Group I, the central region of the cell are filled with 
small 'vacuoles' (A, Prochloron cell in the tunic of Trididemnum miniatum. Group II, there is a large 
'vacuole' in the cells (B, an intracellular Prochloron cell in the tunic of Lissoclinum punctatum). Group 
III, there are peculiar granules in the cells (C, Prochloron cell in the cloacal cavity of Didemnum mode. 
Arrow indicates the tunic cell containing a Prochloron cell. Scale bars, 2 pm. 




Figure 4. Absorption spectra of Prochloron cell isolated from Trididemnum miniatum (A), Lissoclinum 
punctatum (B), and Didemnum mode (C). Fluorescence spectra were shown in insets. Freshly isolated 
intact cells of Prochloron sp. was used for the single-cell microspectrophotomery under the bright-field 
and epi-fluorescence microscope combined with multi-channel photodiode-array detector. Values of 
absorbance at 680 nm and fluorescence intensity at 685 nm are almost corresponded to the relative 
content of chlorophyll a in respective cell. 



Photosynthetic Pigments 

Marine symbiotic Prochloron, freshwater planktonic cyanobacteria Prochlorothrix and 
pelagic free-living Prochlorococcus have chlorophyll b in addition to chlorophyll a as the 
second chlorophyll. While in Prochloron and Prochlorothrix, chlorophyll b occurred in minor 
amount, chlorophyll b in Prochlorococcus is mostly major constituent and di vinyl type 
(Partenskey & Garczarek, 2003). Chlorophyll a is essential to oxygenic photosynthetic 
system as reaction center and core light-harvesting pigments of photosystem II and I (Mimuro 
et al., 2008b). Chlorophyll b, as well as chlorophyll a, is present in peripheral light-harvesting 
systems of green algae and plants (Tanaka & Tanaka, 2007), and probably in Prochloron and 
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Prochlorothrix. Key enzyme for chlorophyll b synthesis was identified as chlorophyllide a 
oxygenase (CAO) in green algae (Tanaka et al., 1998) and plants (Oster et al., 2000). In 
Prochloron and Prochlorothrix, the gene coding the same enzyme was found (Tomitani et al., 
1999). Thus, chlorophyll b and its synthetic enzyme in all chlorophyll h-containing 
photoautotrophs seem to be derived from the same phylogenic linage. Recently, a Rieske-type 
Fe-S containing oxygenase was reported as CAO of Prochlorococcus, which has divinyl- 
chlorophyll a and b instead of usual monovinyl-chlorophyll a and b (Satoh & Tanaka, 2006). 
However, sequence similarity between Prochlorococcus enzyme and CAO of all other 
chlorophyll h-containing organisms was very low, and phylogenetical relationship of both 
enzymes was remained obscure. 

Prochloron has chlorophyll c-like pigment, [8-divinyl]- prtotochlorophyllide a (3,8- 
divinyl-pheoporphyrin a-Mg-monomethylester) as the third chlorophyll (Larkum et al., 1994, 
Helfrich et al., 1999). The physiological function of the pigment has not been revealed fully 
yet, but the trace amount of same pigment was detected also in Prochlorococcus, 
Prochlorothrix and chlorophyll c/-dominating Acaryochloris, not in ordinary cyanobacteria. (3- 
carotene and zeaxanthin are major carotenoid pigments in Prochloron and Prochlorothrix 
(Withers et al. 1978; Post & Bullerjahn, 1994). These carotenoids are common to most of 
ordinary cyanobacteria. 

No phycobiliproteins, extrinsic and hydrophylic (water-soluble) light-harvesting proteins 
of photosystem II in ordinary cyanobacteria (Mimuro et al. 1 999), are detected in Prochloron 
and Prochlorothrix spectrophotometrically and biochemically. In Prochlorococcus, only two 
genes of phycobiliproteins were found by whole genome analyses (Ting et al., 2001). 
Phycobilisomes are supracomplex of phycobiliproteins with colorless linker and anchor 
proteins in ordinary cyanobacteria. Although expression of phycobiliproteins in 
Prochlorococcus was confirmed by high-sensitive fluorescence spectrometry (Hess et al. 
1996, Steglich et al., 2005), formation of supracomplexes and functional coupling in 
photosynthesis process (light energy capture and energy transfer) were not determined. 
Incompatibility between chlorophyll b and phycobiliproteins in chlorophyll h-containing 
cyanobacteria and ordinary cyanobacteria is unaccountable but obvious. 



Chlorophyll h and Pch Antenna Protein 

Chlorophyll a/chlorophyll b ratio of Prochloron (4-7) was considerably variable in the 
previous reports (Partenskey & Garczarek, 2003). The study of unculturable Prochloron is 
difficult to obtain reproducible results. And acidic substances present in the host ascidian also 
prevent the accurate determination of chlorophylls. These are invincible problems to study 
physiology and biochemistry of Prochloron. The chlorophyll a/chlorophyll b ratios of 
Prochloron and Prochlorothrix (7-18) were higher than those of green algae and plants 
(Partenskey & Garczarek, 2003). Lower content of chlorophyll b in Prochloron can be 
confirmed by absorption spectra of intact cells of three types of Prochloron (figure 4). In 
Prochloron and Prochlorothrix, contribufion of chlorophyll b as lighf-harvesfing anfenna 
pigmenf of phofosynfhesis seems fo be limbed. On the other hand, divinyl-chlorophyll b in 
low-light adapted Prochlorococcus may contribute in main light-harvester, because divinyl- 
chlorophyll b is advantageous to absorbing the blue-green light in the lower euphoric zone 
(Partenskey et al., 1993, Ting et al., 2002). This is the most distinct and valuable case in 
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chlorophyll b of oxygenic photoautotrophs. Chlorophyll b content of Prochloron was much 
lower than that of green seaweeds growing in the same shallow water habitat. It was found 
that the chlorophyll a/chlorophyll b ratio (2-35) in Prochlorothrix changes depending on 
salinity (Bergmann et al., 2008), though regulatory mechanism and physiological significance 
have not been revealed yet. Study on eukaryotic algae and land plants showed that 
chlorophyll b acts as key regulator in addition to light-harvester. Amount of the light- 
harvesting chlorophyll protein complex (LHC) and formation of thylakoid stacking were 
considerably affected by chlorophyll b synthesis in eukaryotic algae and plants (Hoober & 
Argyroudi-Akoyunoglou, 2004). Chlorophyll b in Prochloron and Prochlorothrix may also 
have similar regulatory roles in construction of photosynthetic system (Giddings et al., 1980). 

Common antenna pigment complexes of chlorophyll b- or chlorophyll cf-containing 
cyanobacteria are “prochlorophyte chlorophyll-binding protein complex (Pcb)” (Chen et al., 
2008). On the other hand, light-harvesting chlorophyll proteins (LHC) are chlorophylls- 
binding antennae in all eukaryotic algae and land plants. Pcb is intrinsic and six 
transmembrane helical proteins and phylogenetically related to CP43 (PsbC) or CP47 (PsbB) 
proteins of photosystem II of all oxygenic photoautotrophs and IsiA protein (iron-stress - 
induced protein) of some cyanobacteria (Murray et al., 2006). Recent analyses showed that 
chlorophyll a/h-binding Pcb proteins are associated with photosystem I and photosystem II in 
Prochloron and Prochlorothrix. In Prochlorothrix, cryoelectron microscopic observation and 
biochemical and spectroscopic analyses suggested that 18 Pcb subunits surround trimeric 
photosystem I, and 14 Pcb subunits surround dimeric photosystem II (Bumba et al. 2005; 
Boichenko et al., 2007). Similarly, 18meric Pcb was associated with photosystem I trimer in 
Prochlorococcus (Bibby et al., 2001b), and lOmeric Pcb was associated with PSII dimer of 
Prochloron (Bibby et al., 2003). These unique light-harvesting system of ring-structured Pcb 
proteins may be common and essential character among chlorophyll h-containing 
cyanobacteria, though similar structure was suggested in some ordinary and chlorophyll d- 
containing cyanobacteria under iron deficient condition (Boekema et al. 2001; Bibby et al. 
2001a, Nield et al. 2003; Chen et al., 2005a, 2005b). 



Photosynthetic Activity and Photoacclimation 

Photo synthetic functions of Prochloron were studied with freshly isolated intact cells or 
isolated thylakoid membranes by means of oxygen electrode or kinetic fluoromefry. 
Photo synthetic activity (900 -1000 pmol O 2 mg Chi a'* h'*) in freshly isolated Prochloron 
was comparable to or higher than ordinary cyanobacterium, green alga, Prochlorothrix and 
Prochlorococcus (Alberte et al. 1986; Post & Bullerjahn, 1994. Flash-induced fluorescence 
kinetics of chlorophyll a with isolated thylakoid from Prochloron also indicated the presence 
of functional photosystem II (Christen et al., 1999). 

Light intensity acclimation was studied with Prochloron isolated from ascidian adapted 
under high- and low-light conditions (Alberte et al. 1986, 1987 Lesser & Stochaj, 1990) and 
cultured Prochlorothrix (Burger-Wiersma & Post, 1989). Their cellular chlorophyll contents 
and chlorophyll a/chlorophyll b ratios responded to change of light intensity like green algae 
(Fujita et al., 2001). On the other hand, photosystem I/photosystem II ratio did not responded 
to light intensity and kept almost equimolar stoichiometric relationship in Prochloron 
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(Arberte et al., 1986) unlike Prochlorothrix (Burger-Wiersma & Post, 1989) and ordinary 
cyanobacteria (Fujita et al., 1994). 

Excessive oxygen (O 2 ) evolved by photosynthesis of photosymbionts generates 
superoxide radical, which can be harmful to host animal. Superoxide dismutase (SOD) acts as 
scavenger of superoxide radical. Activity of SOD based on chlorophyll concentration was 
extremely low in case of Prochloron than in that of coral symbiont, Symbiodinium (Shick & 
Dykens 1985; Lesser & Stochaj, 1990). The difference of SOD activity was related to 
symbiont site, extracellular or intracellular. 

D 1 protein of photosynthetic reaction center of PSII was extremely conserved in amino 
acids sequences from cyanobacteria to plants. In length of C-terminal extensions of D1 
precursor protein (16 in Prochloron as well as ordinary cyanobacteria, 9 in Prochlorothrix as 
well as plant and green algae, and 15 in Prochlorococcus), evolutional linage (Morden & 
Golden, 1989; Fless et al. 1995) and functional significance such as grana stacking in 
thylakoid membranes were sometimes discussed (Hardison et al., 1995). 

As discussed above, various topics about photosynthetic system of Prochloron are 
mysterious and enigmatic. Future detailed analyses are required to understand the most 
peculiar symbiotic cyanobacteria, Prochloron. 



Association with Colonial Ascidians 

Ascidian-Prochloron Symbiosis 

About 30 ascidian species belonging to four genera of Didemnidae are so far known to be 
the host of Prochloron (e.g., Kott, 1982, 2001). Recently, some species were newly added to 
the list of the didemnids harboring Prochloron (Oka et al., 2005), and more photosymbiotic 
species should remain to be described. The host ascidian colony always associate with 
Prochloron cells, except for Didemnum candidum that occasionally harbors Prochloron cells 
as epibionts (see Lewin & Cheng, 1989). Therefore, Prochloron should be indispensable 
symbiont for the host ascidians to survive. On the other hand, free-living Prochloron has 
never been recorded in nature to date, the host ascidians the only known sites for the 
proliferation of this alga. Therefore, the association between didemnid ascidians and 
Prochloron is obligate and probably mutual symbiosis. This is the only obligate 
photosymbiosis so far known in the phylum Chordata. Although occurrence of Prochloron 
has been also reported in some non-didemnid ascidians and other invertebrates (Cheng & 
Lewin, 1984; Kott et al., 1984; Parry, 1986), such association is unstable and probably 
facultative. It is uncertain why any organisms other than didemnids cannot be a stable host of 
Prochloron. The host ascidians are distributed exclusively in tropical and subtropical waters, 
probably due to the vulnerability of the photosymbionts at low temperatures (Dionisio-Sese et 
al., 2001). The species richness of the photosymbiotic didemnids tends to gradually decrease 
toward higher latitude. In the Ryukyu Archipelago (Japan), ranging from about 24“N to 3 TN, 
15 photosymbiotic species are recorded from Yaeyama Islands (24°-24°30'N), 10 species 
from Amami-Ohshima Island (28-28°30'N), and only 3 species from Ohsumi Islands (30“N) 
(Hirose et al., 2004a; Oka & Hirose, 2005; Oka et al., 2007). 
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The locality of Prochloron cells within the host colonies is various among the host 
species, i.e., on colony surface, in cloacal cavity, and in tunic (figure 5). Tunic is a cellulosic 
extracellular matrix in which zooids are separately embedded (see Burighel & Cloney, 1997). 
Prochloron cells do not have direct association with host cells, except for Lissoclinum 
punctatum in which nearly half of the Prochloron cells are distributed in the tunic and located 
in the free mesenchymal cells (tunic phycocyte) there (Hirose et ah, 1996, 1998). 
Cytomorphological variations are there among Prochloron cells from different host species, 
mainly depending on the location of Prochloron cells in the colony. According to the 
ultrastructural survey (Cox, 1986), Prochloron cells were categorized into three typological 
groups: Group I, Prochloron cells are distributed on the colony surface or in the tunic, and the 
central region of the cell are filled with numerous small 'vacuoles (expanded thylakoids); 
Group II, the algal cells with a large central vacuole are distributed in common cloacal cavity; 
Group III, the cells containing the peculiar granules are only found in the cloacal cavity of 
Didemnum molle (figure 3). These structural variations may imply the speciation of 
Prochloron. 
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Figure 5. Schematic drawing of the cross section of the colony harboring Prochloron cells. Zooids and 
embryos are entirely embedded in the tunic. Prochloron cells are distributed on the colony surface (A: 
e.g., Didemnum candidum), in the tunic (B: e.g., Trididemnum miniatum) or in the common cloacal 
cavity (C: e.g., Didemnum molle, Diplosoma spp., Trididemnum cyclops, Lissoclinum patella). In 
Lissoclinum punctatun, the photosymbionts are found not only in common cloacal cavity (C) but also 
within the tunic cells (D). Arrows indicate the direction of water flow. 
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In obligate symbiosis, the host organisms have to acquire the symbionts from the 
environment (horizontal transmission) and/or may be maternally inherited (vertical 
transmission). Didemnid ascidians are viviparous: the maternal colony broods their embryos 
in the colony until the larvae swim out from the colony through the cloacal cavity. The larvae 
usually harbors Prochloron cell in the all species so far examined, indicating the occurrence 
of vertical transmission. This means that the photosymbionts are essential for survival of the 
host ascidians even in juvenile colonies. On the other hand, the mode of vertical transmission 
varies among the species, mainly depending on the distribution pattern of Prochloron cells in 
the colony. In ProcA/oron-bearing Diplosoma species, the pre-hatching embryos have a 
specialized organ, the rastrum, to collect the photosymbionts in the common cloacal cavity of 
the mother colony (see, Kott, 1981; Hirose, 2000b). The larvae directly attach the 
photosymbionts in the cloacal cavity to the their trunk surface in the non-Diplosoma species 
harboring the algae in the common cloacal cavity, e.g., Didemnum molle, Trididemnum 
Cyclops, Lissoclinum bistratum, and L. timorense (Kott, 2001; Hirose & Fukuda, 2006; Hirose 
et al., 2006a; Hirose & Nakabayashi, in press). On the other hand, the photosymbionts in the 
tunic of maternal colony are transported to the tunic of the embryos (Hirose & Hirose, 2007). 
These modes of vertical transmission and distribution pattern of photosymbionts may 
represent the diversity of the didemnid-Prochlron symbiosis. 

The physiology and biochemistry of this mutual relationship is still unclear. Histological 
observation of the digestive tracts of the host zooid showed that Prochloron cells are rarely 
ingested as direct diets by the hosts (e.g., Hirose et al., 1998, 2006b; Hirose 2000a). Some 
studies demonstrated that Prochloron cells fix radiolabeled carbon and some parts of the 
labeled molecules are subsequently translocated to the host ascidians (Pardy & Lewin, 1981; 
Griffiths & Thinh, 1983), indicating the nutritional exchange between the host and algae. 
Although the amount of transferred carbon was estimated from the difference of the 
radioactivities of the isolated Prochloron cells and residual host colonies, the amount of 
Prochloron contaminates might be underestimated in these studies, (see Hirose & Maruyama, 
2004). Moreover, the water flow around the Prochloron cells goes directly toward the outside 
of the colony in the host colonies harboring Prochloron in the common cloacal cavities 
(arrows in figure 5). The metabolites secreted from the Prochloron cells are supposed to flow 
ouf from the host colonies, before the uptake by the host tissue. Accordingly, the occurrence 
of nutrient transfer is not denied but still questionable at present. Besides the nutrient 
translocation, Prochloron potentially protect the host colony from the predation by producing 
various cytotoxic metabolites. Pomacentrid fish ingested Didemnum molle larvae bearing 
Proehloron cells but immediately egested the larvae (Olson, 1983). The parasitic copepod 
Loboixis ryukyuensis inhabit the cloacal cavity of the photosymbiotic ascidian Diplosoma 
virens, but the copepod rarely ingested Prochloron cells that were abundant all over the 
cavity, indicating that Prochloron cells are unsuitable as a food for the copepod (Hirose, 
2000a). These observations may suggest that symbiosis with the toxic algae would be much 
beneficial for the host ascidians, because predation should be a crucial threat for sessile 
organisms. 

The exclusive occurrence of Prochloron in particular didemnid species implies that the 
host ascidian provides a special habitat for the symbionts. Solar radiation is a crucial factor 
restricting the survival of photosynthetic organisms, and the host colony properly shades the 
radiation with the transparent tunic that contains calcareous spicules, pigment cells, and 
ultraviolet (UV)-absorbing substances. Mycosporine-like amino acids (MAAs) are UV- 
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absorbing substances widely found in cyanobacteria, dinoflagellates, red algae, and various 
marine invertebrates including ascidians (see Karents, 2001; Shick & Dunlap, 2002). They 
are ideal sunscreens for photosynthetic organisms, because they absorb harmful UV but not 
photosynthetically active radiation. Since the MAAs are thought to be synthesized by the 
sikimic acid pathway that is not found in animals (Farve-Bonvin et al., 1987; Shick et al., 
1999), the diets and/or symbiotic algae/bacteria should be the source of the MAAs for 
animals. Photosymbiotic ascidians usually contain UV-absorbing substances in the tunic 
(Hirose et al., 2004b), indicating that the tunic protect the photosymbionts from UV. The 
components of MAAs extracted from the host ascidians are similar (but not the same) to those 
of the isolated Prochloron cells, and thus the photosymbionts are probably the major source 
of the MAAs for the hosts (Hirose et al., 2004b). In Didemnum molle, the MAA concentration 
bathymefrically decreases among colonies at depths of 10, 15, and 20 m (Hirose et al., 
2006c), suggesting that MAA concentration is regulated by ambient light conditions. In 
Diplosoma spp., UV-light micrographs reveled that the MAAs are probably localized in the 
cytoplasm of the tunic where no Prochloron cells (Maruyama et al., 2003), suggesting that 
the MAAs synthesized in Prochloron cells are transported to the host cells. This may indicate 
the occurrence of metabolite transfer between the host ascidians and Prochloron cells. 



Symbiotic Associations with Other Cyanobacteria 

Some didemnid species associate with non-Prochloron cyanobacteria. Synechocystis 
trididemni was originally described as symbiotic cyanobacteria in the tunic of Trididemnum 
solidum (Lafargue & Duclaux, 1979). Trididemnum nubilum also associates with S. 
trididemni or its close relative but not with Prochloron. In these Trididemnum species, 
Synechocystis is supposed to be an obligate symbiont, because the host colonies always 
associate with this bacterium. Some host species harbor multiple species of cyanobacteria 
(Parry & Kott, 1988), whereas it is uncertain whether all photosymbionts are obligate. For 
instance, the colonies of Trididemnum miniatum in the Great Barrier Reef harbor not only 
Prochloron but also red filamentous cyanobacteria probably Oscillatoria sp. (Parry, 1984; 
Larkum et al., 1987), whereas Prochloron is the only photosymbionts in the colonies in 
Okinawajima Islands (Hirose et al., 2006b). In this case, Prochloron is obligate but the red 
cyanobacterium would be a facultative symbiont of T. miniatum. Interestingly, most of these 
non-Prochloron cyanophytes are distributed in the tunic of the host colonies but not in the 
common cloacal cavity. Whereas the ascidian-cyanobacteria association has usually been 
recorded in tropical and subtropical area, Synechocystis sp. was found on the colony surface 
Didemnum lahillei and D. granulosum collected from the northeastern coast of Spain 
(Hernandez-Marine et al., 1990). 

Although some cyanobacteria, such as Acaryochloris marina, were isolated from 
ascidians and cultured in vitro, they were rarely found as epiphytes on ascidians (Kiihl et al., 
2005) and macrophytic red algae (Murakami et al., 2004) by means of microscopy and 
microspectroscopy. The amount of these cyanobacteria is probably small in number within the 
host colony. These microorganisms may preferentially inhabit the ascidian colony, but they 
would not contribute much to the host. 
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Evolutionary Process of Ascidian-Cyanobacteria Symbiosis 

The family Didemnidae comprises more than 300 species recorded from tropical waters 
to the Antarctic, and many unknown species are yet to be described, particularly in tropical 
waters (see Kott, 2005). Among them, there are only about 30 photosymbiotic species that 
almost exclusively inhabit tropical/subtropical waters with many non-symbiotic congeners 
inhabiting similar environments. Molecular phylogeny inferred from 18S rDNA sequence 
support a monophyletic origin of the family Didemnidae, as well as each of the didemnid 
genera (Yokobori et al., 2006). Since four didemnid genera are known to include 
photosymbiotic species to date, ascidian-cyanobacterial symbioses are supposed to have 
evolved at least once in each genus. It is unlikely to hypothesize a single origin of the 
symbiosis, because this scenario requires the occurrence of extensive loss of the symbiosis on 
several occasions in each photosymbiotic genus. 

The establishment of the symbioses at multiple times may cause the diversity of the 
photosymbionts (Prochloron, Synechocystis, and etc.), distribution patterns of 
photosymbionts, and the modes of vertical transmission in the ascidian-cyanobacterial 
symbioses. In Trididemnum species, Prochloron cells are distributed in the cloacal cavity of T. 
Cyclops and in the tunic of T. miniatum, while T. clinides and T. nubilum harbor Synechocystis 
cells in the tunic. This may indicate that these species have independent origins for the 
symbiosis. Alternatively, the shift of the microbial location and/or transition of cyanobacterial 
species may have occurred in the lineage of photosymbiotic Trididemnum spp. While T. 
clinides harbors multiple species of cyanobacteria (Parry & Kott, 1988), this may represents 
the intermediate stage of the cyanobacterial transition. The ascidian-cyanobacteria symbioses 
likely have a complex history of evolution. 

The ascidian-ProcA/oron symbiotic relationship is unique with regards to its exclusive 
nature. The host is colonized by Prochloron in near monoculture, whereas other known 
marine symbiotic systems, such as sponges, are very diverse (Lewin & Cheng, 1989; Taylor 
et al., 2004). To date no free-living Prochloron has been found suggesting that an ancestral 
form of Prochloron colonized ascidians. On the other hand, if symbiosis was established after 
evolutionary divergence, free-living forms of Prochloron would be expected to exist or at 
least have existed at some stage (Shimada et al., 2003). 



Prochloron Diversity, Phylogeography 
AND Molecular Evolution 

The unusual pigment complement of Prochloron, which possesses chlorophyll a and b 
but lacks phycobilins (as in chloroplasts but not other photo-oxygenic prokaryotes), prompted 
its assignment to a new bacterial sub-class, the Prochlorophyta (Lewin, 1976; 1977). Due to 
their pigment composition, the prochlorophytes were proposed to descend from the 
protoendosymbiont that gave rise to chloroplasts (Lewin, 1981; Tomitami et al, 1999; Van 
Valen et al, 1980). For this reason the symbiotic cyanobacterium, Prochloron, can be 
considered a veritable “missing link” between ancestral plastids and modem day chloroplasts. 
As is the case for chloroplasts and their plant cell hosts, we don’t know whether the 
ProcA/oron-ascidian symbiosis was established from a single or multiple sources. Indeed, it is 
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unclear whether Prochloron strains from various hosts belong to the original species 
Prochloron didemni or if multiple species exist. Interestingly, both ectosymbiotic and 
endosymbiotic (intracellular) associations have been identified (Lewin & Cheng, 1989), yet it 
is unclear whether these disparate levels of “intimacy” correspond to genetic differences 
between the hosts or their resident bacteria. 

Although Prochloron strains from different didemnid species have been reported to be 
morphologically diverse (e.g., regarding size, thylakoid stacking, vacuolation and pigment 
ratios) on a level worthy of at least species distinction, the few existing molecular studies on 
Prochloron diversity found them to be conspecific. Reports in the literature regarding the 
diversity of Prochloron from different host species are contradictory (Stam et al., 1985; 
Palenik & Swift, 1996; Holton et al., 1990; Cox, 1986; Lewin & Cheng, 1989). Cox (1986) 
reported that Prochloron strains from different hosts fall into three groups that are 
morphologically distinct at the species level of distinction. On the other hand, data from 
DNA-DNA hybridization studies and analysis of the DNA-dependant RNA polymerase gene 
found Prochloron strains to be conspecific (Stam et al., 1985; Palenik & Swift, 1996; Holton 
et al., 1990). The 16S rRNA structures from four Prochloron strains from different hosts 
found they were nearly identical and a close phylogenetic relationship amongst these strains 
was demonstrated (Stackebrandt et al., 1982). The phylogeny of the order Prochlorophyta is 
still disputed. Whereas studies on 16S rDNA and on the gene for the large subunit of Rubisco 
(rbcL) argue for a polyphyletic origin of prochlorophytes from within the cyanobacteria 
(Shimada, 1995; Shimada et al., 2003), studies on the chlorophyll a oxygenase gene (the 
enzyme catalyzing chlorophyll b synthesis) support the view that prochlorophytes are a 
monophyletic group (Tomitami et al., 1999). 

One member of the prochlorophytes, Prochlorococcus marinus, was found to possess 
functional genes for synthesis of the pigment phycoerythrin (Hess et al., 1996). The presence 
of a functional or residual phycobilin gene in Prochloron would suggest descent from a 
common ancestor with the cyanobacteria that lost the ability to synthesize phycobilins upon 
acquiring chlorophyll b. If this was the case, an integration of the order Prochlorophyta into 
the cyanobacterial clade would be necessary. Phylogenetic analysis demonstrated that the 
prochlorophytes are a polyphyletic group within the cyanobacterial radiation, supporting the 
view that the ability to synthesize chlorophyll b evolved several times separately with 
consequent loss of the ability to synthesize phycobilins. Furthermore, due to the low genetic 
diversity amongst Prochloron strains, this genus could be a relatively recent lineage thus 
contradicting the view that these prochlorophytes are descendants of the ancient organisms 
that gave rise to chlorop lasts (Palenik & Swift, 1996). In contrast, studies of the chlorophyll b 
synthesis genes from P. didemni, Prochlorothrix hollandica and several green chloroplasts 
indicated a common origin for these genes in prochlorophytes and chloroplasts (Tomitani et 
al., 1999). However, considering mounting biochemical and molecular evidence (Lewin, 
1976; Shimada et al., 1995; La Roche et al., 1996; Urbach et al., 1992; Lockhardt et al., 1992; 
Palenik & Haselkom, 1992; Turner et al., 1989, 1999; McKay et al., 1982), it seems likely 
that horizontal gene transfer may account for the similarity between the chlorophyll b 
synthesis genes in these organisms (Lewin, 2002). 

Recently, Miinchhoff et al (2007) have sampled 27 photo-oxygenic bacteria from eleven 
ascidian species collected from eight locations across Australia, Japan and the USA. These 
Prochloron strains were expected to be quite diverse with the geographical separation of 
strains preventing free exchange between populations. In addition, Prochloron does not seem 
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to exist as a free-living organism, but is reported to be carried by the larvae when a new host 
colony is established (Kott, 1977, 1982), further hindering the exchange of genomic 
differences between strains in different host species and locations. Prochloron cells are also 
subjected to different environments within their hosts and these different environments exert 
different selection pressures, theoretically resulting in genetic diversity. Phylogenetic analysis 
of the 16S rRNA gene from 22 Prochloron sp. strains showed they form a defined taxon 
(figure 6). This was supported by the high nucleotide identities of the 16S rRNA genes (97- 
99%). HIPl PCR, a DNA fingerprinting technique that has already proved successful in 
distinguishing closely related strains of cyanobacteria (Neilan et al., 2003; Orcutt et al., 2002; 
Smith et al., 1998), was also performed. The data obtained by HIPl PCR confirmed the 16S 
rDNA phylogenetic tree topology, however, it still did not allow any additional correlation 
between symbiont and either host species or geographic location. The vertical transmission of 
Prochloron cells by the ascidian larvae poses the possibility of co-evolution between the 
symbiont and its host. However, this study indicated that the Prochloron strains were not 
specific for the host species. There are several possible explanations for this. Firstly, the high 
similarity of the strains could be a consequence of lateral transmission of Prochloron cells 
between their hosts, even over large oceanic distances; secondly, in a very young lineage, 
divergence within the group might not yet have occurred (Palenik & Swift, 1996); and thirdly, 
low genetic diversity within a taxonomic group could result from high conservation of the 
phenotype that is best adapted to the group’s niche. This last point is unlikely for the sampled 
Prochloron strains since they were subject to varying environments within the hosts. 

The high similarity of Prochloron sp. strains from different host species and distant 
geographic locations suggested that Prochloron cells can survive outside of their host long 
enough to cross considerable distances prior to recolonization. Correspondingly, Cox (1986) 
reported numerous free floating Prochloron cells in seawater surrounding reefs with ascidian 
colonies and concluded that the infection of ascidians carrying superficial Prochloron 
symbionts must occur from cells carried by seawater. Furthermore, the establishment of the 
ascidian-ProcA/oron symbiosis is supposed to have occurred independently at least once in 
each genus, as discussed above. The multiple origins of this symbiosis may support the 
existence of free-living Prochloron or its close relatives. In fact, a survey of biodiversity 
associated with a hypersaline sfromatolitic reef in Western Australia revealed the presence of 
Prochloron in the absence of any didemnid ascidians (Bums et al., 2004). This would support 
either the possibility for ex-symbiont Prochloron or the existence of as yet unidentified hosts. 
The data presented by Miinchhoff et al. (2007) also demonstrated that three samples from 
Lizard Island, Australia (LI-84, -92 and -93) were more similar to S. trididemni, the closest 
relative of Prochloron (figure 6), than to Prochloron. This was verified by microscopy 
(Lewin, 1981), and recently also by denaturing gradient gel electrophoresis of 16S rRNA 
PCR products (Schmidt et al., 2004). Cox (1986) reported that in addition to Prochloron and 
S. trididemni, a third, unidentified photosynthetic bacterium (possibly Acaryochloris sp.) is 
found as a symbiont in didemnid ascidians. 
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Figure 6. Molecular phylogenetic tree of the 27 samples from this study (bold) and representatives of 
the major groups of cyanobacteria. The tree is inferred from 1 148 bp 16S rRNA sequences and 
constructed by the Bootstrap-Neighbour-Joining-Method. Positions with gaps were excluded. Bootstrap 
values (1000 re-sampling cycles) over 500 are presented and indicate the statistical significance of each 
node. GenBank accession numbers are indicated in brackets next to reference sequences. 
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Metagenomics and Metabolism 

Because of the difficulties of cultivating Prochloron, it has been essential to take a 
metagenomic approach to obtain genes from the organisms. Prochloron within didemnid 
ascidians often seem to be mixtures of strains, with other bacteria also present, complicating 
analysis (Donia et al., 2006). Fortunately, Prochloron can be enriched by physical methods, 
and from these enriched populations genes have been cloned into vectors or amplified using 
the polymerase chain reaction (Long et al., 2005; Schmidt et al., 2005). Genome sequencing 
of a Palau P. didemni sample from the ascidian L. patella has provided much new 
information, but the genome project is not entirely complete (Ravel et al., unpublished data). 
Part of the problem is that there is a mixture of two major strains in this sample, in addition to 
approximately 5% of the sequence arising from L. patella itself Therefore, some parts of the 
genome sequence require time-consuming experimental evidence for validation. 

Preliminary data from the genome sequencing effort reveal much about the nutritional 
metabolism of Prochloron (Ravel et al., unpublished data). For example, the bacteria are 
heavily involved in nitrogen metabolism, but they do not appear to fix nitrogen, in contrast to 
previous reports. It is possible that nitrogen fixation is a variable property and that the 
sequenced sample does not belong to the nitrogen-fixing group; alternatively, other bacteria 
may be responsible for the proposed nitrogen fixation in didemnid ascidians. Prochloron 
contains genes that should enable the use of ammonia, nitrate / nitrite, amino acids, and urea 
as nitrogen sources. Interestingly, a urease operon is flanked by fransposases. Therefore, 
although Prochloron lacks the capability to fix nitrogen, it appears to be potentially extremely 
efficient at recycling nitrogen waste products from the host ascidian. Carbon cycling is also 
very important to Prochloron symbioses, as described in previous sections. Prochloron 
clearly fixes CO 2 and exchanges carbon with the host; the question has been what is the 
relevant form of this exchange. One early hypothesis is that glycolate may be the carbon 
source from Prochloron. However, Prochloron contains the complete suite of glycolate 
catabolic genes. Finally, it has been speculated that Prochloron may lack some of the 
essential biosynthetic genes, and this is why cultivation has been so difficult. In one report, 
tryptophan was added to medium, allowing four doublings of Prochloron cells in culture. The 
available genome sequence is somewhat at odds with this finding, since Prochloron appears 
to have all of the genes required for biosynthesis of key cofactors and all amino acids, 
including tryptophan. The sole exception is that an essential gene in the methionine synthesis 
pathway is missing from the current assembly. The complete metabolic map of Prochloron 
will be published in due course. 

By contrast, much more metagenomic information is available for the secondary 
metabolic content of Prochloron. Numerous bioactive small molecules have been isolated 
from didemnid-Proc/z/oron associations (Davidson, 1993; Sings & Rinehart 1996). These 
molecules include polyketides, such as patellazoles (Corley et al., 1988; Zabriskie et al., 
1988) and bisfiamides (Gouiffes et al., 1988; Biard et al., 1990), and a large family of cyclic 
peptides exemplified by patellamides (Ireland & Scheuer, 1980; Ireland et al., 1982) and 
trunkamide (Carroll et al., 1996). Didemnid-Proc/z/oron natural products have mostly been 
sought because of their cytotoxic activity against mammalian cell lines, and hence their 
possible utility in cancer chemotherapy. Because the natural products from didemnid- 
Prochloron associations resemble compounds isolated from axenic bacteria, it has long been 
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speculated that Prochloron synthesize the compounds (Ireland & Scheuer, 1980). Genetic 
evidence reveals that Prochloron do indeed synthesize cyclic peptides in these associations 
(Schmidt et ah, 2005), but the source of the polyketides and other compounds remains 
unknown. The cyclic peptide groups have recently been reclassified as “cyanobactins”, 
reflecting their structural features and genetic origins (Donia et al., 2008). To date, more than 
60 cyanobactins have been reported from didemnid ascidians. In addition, about 40 
cyanobactins have been isolated from free-living cyanobacteria and other sources. 
Cyanobactins in Prochloron are 6-8 amino acid, circular peptides that are highly 
posttranslationally modified. Prochloron contain other secondary metabolic pathways aside 
from those to cyanobactins, but the products of these pathways are unknown (Schmidt et al., 
2004). 

Prochloron are unequivocally the source of cyanobactins in didemnid ascidians. Genes 
for the synthesis of patellamides, trunkamide, and relatives have been identified in the 
metagenome of Prochloron (Schmidt et al., 2005; Long et al., 2005; Donia et al., 2006; Donia 
et al., 2008). From them, cloning and transfer of cloned pathways into lab E. coll leads to 
recombinant synthesis of natural cyanobactins. These experiments demonstrate that 
Prochloron have the genetic capacity to make cyanobactins. Moreover, when genes for 
certain compounds are found in Prochloron, those compounds are found in the host ascidians 
(Donia et al., 2006). By contrast, as mentioned above, Prochloron do not appear to be 
species-specific (Miinchhoff et al., 2007; Donia et al., 2006). In addition, cyanobactin 
pathways do not reflect Prochloron diversity; in other words, the pathways appear to be 
horizontally transferred between bacterial strains. As an extreme example, Prochloron that 
are 16S identical may not even contain cyanobactin genes, or they may contain entirely 
different cyanobactin genes, which are chromosomally encoded. Therefore, pathways found 
within Prochloron are correlated with the presence of certain compounds, but neither host nor 
symbiont taxonomy reflects compounds or pathways. These data for more than 30 
cyanobactin pathways reveal that Prochloron are likely the relevant producers of 
cyanobactins within ascidian hosts. 

Important questions such as the ecological role(s), biosynthetic mechanisms, and even the 
location of cyanobactins within didemnid-ProcA/oron associations remain enigmatic. 
Location of Prochloron metabolites is important in assessing possible ecological roles. In 
several ascidians, cyanobactins were found specifically within Prochloron cells (Degnan et 
al., 1989), while in another they were found throughout the ascidian tunic (Salomon et al., 
2002). Many of the cyanobactin pathways have been expressed in E. coli, with the resulting 
cyanobactins isolated exclusively from broth and not from cell pellets (Schmidt et al., 2005). 
Moderately cytotoxic cyanobactins can be isolated from whole animals in amazing quantities 
of up to grams per kilogram of dry weight in some cases. Thus, taken together the data 
currently support a distribution of cyanobactins throughout the ascidian tunic, although it is 
possible that there is some species specificity involved. 

Ecological roles of cyanobactins are probably closely tied to their bioactivities. Because 
cyanobactins are often moderately potent cytotoxins against mammalian cell lines, it is 
possible that the chemicals are defensive in nature, preventing predation. However, it should 
be kept in mind that there is an immense structural diversity within the cyanobactins. Many of 
the compounds have been shown to bind metals such as Cu(II) in vitro, which may be 
important in metal detoxification or concentration (Bertram & Pattenden, 2007). One group of 
cyanobactins from free-living Microcystis cyanobacteria acts as allelochemicals: they are 
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toxic to other cyanobacteria (Todorova et al., 1995; Juttner et al., 2001). This implies the 
intriguing possibility that cyanobactins are Prochloron defenses against other cyanobacteria. 
In this scenario, it is even possible that a chemical defense role could evolve later, following 
an initial anti-cyanobacterial role. These speculations require testing in ecologically relevant 
assays. In our hands, didemnid cyanobactins are not toxic against yeasts, fungi, or common 
lab strains of Gram-positive or Gram-negative bacteria (Schmidt et al., unpublished data). 

Possibly the most intriguing and enigmatic aspect of Prochloron cyanobactins involves 
pathway biochemistry and evolution (Schmidt, 2008). Cyanobactins are directly encoded on 
precursor peptides, PatE and relatives (Schmidt et al., 2005). The patE precursor genes are 
clustered with genes for enzymes, PatA, PatD, PatE, PatG, and homologs that are required for 
cyanobactin biosynthesis (Donia et al., 2006). These enzymes modify cyanobactin sequences 
by posttranslationally adding heterocycles derived from Cys, Ser, and Thr and / or isoprene 
units. Subsequently, the modified peptides are cleaved from the precursor and cyclized to 
form the mature peptides. The proteolytic and cyclization enzymes have recently been 
characterized in vitro (Lee et al., manuscript under review) 

Because there are 60 cyanobactins in ascidians, it was of interest to determine how 
pathways evolve to produce new compounds. While ~200 bp genes encode the precursor 
peptides, with only ~48 bp encoding the final cyanobactin products, an additional ~11 kbp 
encode the modifying enzymes. Using didemnid ascidians collected in Palau, Papua New 
Guinea, the Solomon Islands, and Fiji, 30 related pathways encoding patellamides were 
discovered (Donia et al., 2006). These pathways were virtually 100% identical to each other 
across 1 1 kbp at the DNA level (figure 7). Flowever, in the 48 bp region encoding diverse 
patellamide products, they were hypervariable, with as low as 46% identity at the nucleotide 
level. Thus, identical enzymes are capable of processing highly diverse patellamide 
structures. 

In a second example, the trunkamide pathway was cloned from Prochloron (Donia et al., 
2008). The trunkamide pathway group differs from the patellamide group in that the former 
uses isoprene, while the latter does not. The trunkamide pathway was ~98% identical to the 
patellamide pathway at the DNA sequence level (figure 7). However, in the middle of the 
pathway, there is a large region of ~4 kbp which is as low as 40% identical to the patellamide 
pathway. There are no new enzyme classes in the trunkamide pathway, but there is a 
duplication, with 2 patF homologs in place of the 1 found in the patellamide group. PatF 
family enzymes have no characterized or structural homologs, yet somehow they appear to 
control addition of isoprene versus heterocyclization. 

These two evolutionary examples have not been previously observed in other, non- 
symbiotic systems. The mechanisms behind these striking evolutionary patterns remain 
mysterious: how do the pathways control such vast diversity over small sequence regions 
while no mutations are observed elsewhere? How do duplications and divergence of a new 
gene family lead to new functions? And finally, since these compounds are clearly 
functionally important to Prochloron, how do these evolutionary routes contribute to fitness 
of the host-bacteria partnership? 
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Patellamide 

Trunkamide 





Figure 7. Diverse eyanobaetin produets are produeed by Proehloron spp. In the figure, the top row of 
arrows indicate the patellamide biosynthetic pathway (pat), while the bottom arrows represent the 
tmnkamide gene cluster (tm). The only major genetic difference between these two pathways is shown 
in a shaded blue box. A few of the chemical stmctures derived from these pathways are shown. In each 
case, numerous pathways were found to be essentially 100% identical to each other at the DNA level. 
Only the exact, 18-24 bp region encoding products are hypervariable, giving rise to diverse structures. 
These diverse regions are found within precursor peptide genes (red). The resulting peptides are 
modified by enzymes (blue; yellow), then cleaved and cyclized by proteases (black). 



Conclusion 

The evidence based on 16S rRNA gene sequences does not support the speciation within 
Prochloron and reveal the lack of host-specificity and geographic variations, indicating the 
occurrence of horizontal transmission regardless of the host species beyond long distance 
(figure 8). This would indicate the presence of free-living or dormant Prochloron that can 
disperse across these global distances. Elowever, a search of clone and metagenome 
sequences on the NCBI non-redundant and environmental databases did not reveal 16S rRNA 
gene identities greater than 92% from a variety of marine habitats. On the other hand, the 
biosynthetic genes for the cyclic peptides indicate the presence of intraspecific genetic 
variation even within a single host colony. It should be also noted that vertical transmission of 
photosymbionts always occurs in most of the host species. The ascidian-Proc/z/oron 
symbiosis system is probably maintained by both vertical and horizontal transmission of the 
photosymbionts, and the vertical transmission should be more important for the young 
colonies. Similar example is known in sponge-cyanobacterium symbiosis: some 
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cyanobacterial symbionts inhabit a wide range of the host (sponge) species around the world, 
while they are vertically transmitted (reviewed in Usher, 2008). 




Figure 8. Schematic drawing of the possible modes of the transmission of Prochloron among host 
generations (vertical transmission) and host colonies (horizontal transmission). 

Among chordates (i.e., vertebrates, cephalochordates, and tunicates), the hosts for 
obligate photosymbionts are exclusively known in the didemnid ascidians inhabiting tropical 
and subtropical waters. It is uncertain why the obligate photosymbiosis have never been 
established in any other chordates. The didemnids may have some specialties that are 
essential to establish symbiosis. One of the keys would be the development of the mechanism 
for vertical transmission. Whereas non-algal bacteria always inhabit in the tunic of many 
ascidian species, vertical transmission (or infection) of the bacteria was reported in the non- 
photosymbiotic didemnid Diplosoma migrans (Groepler & Schuett 2003). Therefore, the 
mechanism for vertical transmission might be easily evolved in didemnid ascidians. 

Metagenomic information of Prochloron has already revealed the synthetic pathway of 
several secondary metabolites. At present, this would be the most promising approach to 
solve some important questions in ascidian-Proc/z/oron symbiosis, such as the mechanism of 
nutrient translocation between the host and Prochloron and the key factor(s) that enables to 
establish stable culture of Prochloron cells in vitro. 

Genetic, physiological, biochemical, and morphological studies are disclosing the life and 
evolution of Prochloron and related symbiotic cyanobacteria little by little, and these 
cyanophytes seem to have unexpectedly complex evolutionary process of symbiogenesis and 
diversification. Some evidences are apparently inconsistent with each other in some aspects, 
e.g., typological groupings of Prochloron based on ultrastmctures and the low genetic 
variations based of 16S rRNA gene sequences. Integrative approaches in future would be 
necessary to solve the enigimata of the attractive and potentially useful organisms. 
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